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Abstract. 
The effects of tunnel blast excavation on the lining structures of adjacent tunnels are comprehensively studied for the Xinling highway tunnel project. First, the LS-DYNA software is applied to obtain the characteristics of vibration velocities and dynamic stresses at different positions of the tunnel liner. The results indicate that the maximum peak particle velocity (PPV) is located on the haunch of the lining facing the blasting source and that the PPV and peak tensile stress decrease with the increase in the surrounding rock grade. Second, a site test on blasting vibration is conducted to verify the simulation results. By using regression analysis of the measured vibration data, the calculation method of maximum charge per delay for optimizing blasting excavation under different surrounding rock grades is obtained. Finally, based on the statistical relationship between crack alteration and PPV on the lining before and after blasting, the safety thresholds of PPV for different portions of the tunnel are determined. The recommended safety threshold of PPV is 10 cm/s for intact lining and for B-grade and V-grade linings of the surrounding rock tunnel. However, if the lining crack grade falls between 1A and B, then the recommended safety thresholds of PPV for the III-grade and IV-grade surrounding rock tunnel are 5 cm/s and 6 cm/s, respectively. The threshold PPV proposed in this study has been successfully applied to restrict blast-induced damage during new tunnel excavation of the Xinling tunnel project.

1. Introduction
In recent years, with the rapid development of China’s transportation system, a large number of single-track tunnels have been expanded to double track tunnels [1]. To save land resources, to reduce construction costs and to protect the environment, the distance between the old tunnel and the new tunnel must be as short as possible. However, vibrations induced by adjacent tunnels when they are excavated by the drill and blast method could jeopardize the safety of existing service tunnels. Blasting vibrations induced by tunnel excavation or nearby mining might cause spalling, fissures, cracks, or even collapse of existing tunnel linings [2].
The PPV is widely used as a safety criterion for existing tunnels in China and other countries. Due to the complexity of underground structure response under blasting vibration, there are no uniform provisions on the safety threshold of blasting vibration velocity [3, 4]. Lin et al. [5] investigated the safety threshold of the blasting vibration velocity used in practical engineering and revealed that the safety thresholds of different projects are quite different, ranging from 1.8 to 25 cm/s. Bauer and Calder [6], according to the relationship between rock damage and particle vibration velocity, noted that the extent of damage to the rock is not only related to the peak velocity but also to the mechanical properties of the surrounding rock. Xia et al. [7] used a field test and a numerical simulation method to study the relationship between the PPV of the existing tunnel and the extent of damage to the surrounding rock in the Damaoshan highway tunnel project, and the PPV criteria for different parts of the tunnel were determined based on the relationship. It is therefore necessary to conduct both experimental and numerical research to propose a reasonable threshold of blasting vibration velocity to ensure the safety of the lining of the existing tunnel.
Many researchers have studied the dynamic response of blast vibrations, such as the variations of velocity, acceleration, frequency, wave propagation, damage, and stress induced by blasting. For example, Sun et al. [8] studied the influence of step blast-excavation in newly built tunnels on the support structures of the existing service tunnel through field experimentation and numerical simulation to obtain the blasting vibration velocity, frequency, and the range and degree of damage of the support structures. Liang et al. [9] investigated the impacts of blast-induced vibrations from the construction of a new tunnel on an existing railway tunnel and the effect of both the static stress before blasting vibrations and the dynamic stress induced by blasting on the total stresses in the existing tunnel lining. Xu et al. [10] carried out field tests and numerical simulation to study the relationships between the blasting vibration velocity and the frequency over time, horizontal distance, and depth, and the stress distribution of the surrounding rock mass. Duan et al. [11] and Huo et al. [12] investigated the vibration velocity and vibration frequency of the existing structure and proposed a guideline for the blast safety zone based on vibration velocity, main frequency, and explosive quantity. Duan et al. [13] studied the stress distribution of the surrounding rock and the propagation mode of the stress wave during blasting.
However, little research has been carried out to study the relationship between the initial health of the tunnels and the degree of dynamic response to blasting vibration. Due to the differences in the service times of existing tunnels, the geological conditions of the surrounding rock and the stress state of the lining structure, the degree of dynamic response to blasting disturbance varies. In the present paper, in support of underground blasting excavation for the Xinling highway tunnels in Zhuji, Zhejiang Province, South China, a dynamic finite element program, LS-DYNA, was used to calculate the PPV and dynamic stress distribution characteristic of the existing tunnel lining under different geological conditions. The results of the simulation were compared with those of field tests to verify the numerical model, and the safety threshold of the PPV for the existing tunnel lining was put forward based on a systematic analysis of the relationship between crack alteration and the PPV on the lining before and after blasting.
2. Brief Description of the Project
The Xinling highway tunnel project is composed of two existing tunnels in between two new tunnels. It is a straight and parallel tunnel group that is 1400 m in length. The new tunnels have dimensions of 17.58 m × 7.2 m (span × height), and the existing tunnels have dimensions of 10.75 m × 5 m. The spacing between the two existing tunnels and the two new ones is 27.29 m and 23.08 m, respectively, as shown in Figure 1. The rock around the tunnels is mainly composed of carbonaceous shale, argillaceous limestone and weathered siltstone, which have obvious joints and fractures. Overall, the rock ratings for the two existing tunnels are 850 m or 60.7% for grade III, 283 m or 20.2% for grade IV and 267 m or 19.1% for grade V. The rock masses were classified based on the Chinese Code for the Design of Road Tunnels (JTG D70-2004) [14], which considers many influence factors, such as the strength of intact rock, the geometrical characteristics and mechanical properties of discontinuity, the intactness of the rock mass, groundwater, and ground stress.


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
		
		
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
	
	
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		

Figure 1: Sectional view of tunnel configuration and geological information.


According to the surrounding rock grade of the Xinling tunnel, different excavation construction schemes were selected on the working face to control the quantity of blasting explosives and reduce the impact of blasting on the existing tunnels; these schemes include the advanced large pipe-shed or small catheter + ring-excavation with the center soil reserved or two-sidewall pilot construction method for grade V, the advance small catheter + positive step excavation method for grade IV, and the advance bolt + full-face excavation method for grade III. To ensure the safe operation of existing tunnels and the secure construction of new tunnels, it is necessary to monitor the vibration velocity of the existing tunnel lining during the excavation of new tunnels. To avoid blasting vibration superposition, millisecond-controlled blasting was adopted in the excavation. According to the Chinese “Safety Regulation for Blasting” [15], which is listed in Table 1, the safety threshold for PPV of existing tunnels was assumed to be 10 cm/s. The arrangement of the blastholes and the grooves for grade III surrounding rock is presented in Figure 2. The indirect initiation was adopted with low-speed explosives and a nonelectric millisecond detonator. The delay time of the millisecond delay detonator is 50 ms. Wedge cutting and smooth blasting with a noncoupled air column charge structure were utilized with a hole diameter of 42 mm and a drug diameter of 32 mm. The single-cycle footage for grade III surrounding rock was 3 m with 18 cutting holes and a 2.4-kg charge weight per hole. Due to the largest single-stage charge weight of the cutting holes, the vibration intensity induced by the blasting is great; thus, the research mainly focuses on the blasting excavation induced by vibration of the cutting holes.
Table 1: Safety vibration limitation for tunnels and shafts in China.
	

	Structure type	Allowable safety peak particle velocity (cm/s)
	f ≤ 10 Hz	10 Hz ≤ f ≤ 50 Hz	f > 50 Hz
	

	Hydraulic tunnels	7∼8	39.0	3
	Traffic tunnels	10∼12	37.0	2
	Mining shafts	15∼18	31.5	1.5
	





	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
	
	
	
		
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
	
	
	
		
	
		
	
	
	
	
	
	
		
	
		
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
	
		
	
	
		
	
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
		
	
		
	
		
	
	
		
	
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
	
		
	
	
	
	
		
	
		
	
	
	
		
	
	
	
		
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
		
	
		
	
		
	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
		
	
		
	
	
	
		
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
	
		
	
	
	
		
	
	
	
	
		
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
	
	
		
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
	
	
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
	
	
	
		
	
	
	
		
	
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		

Figure 2: Layout of the blasthole and groove for grade III surrounding rock.


3. Numerical Simulation and Analysis
3.1. Numerical Model
To fully understand the dynamic response on existing tunnel lining structures under blast-excavation load, the plane strain dynamic FEM method is used to analyze surrounding rock of grade III (YK47 + 725), grade IV (YK47 + 790), and grade (VZK46 + 700). The calculated parameters of each section are shown in Table 2. Previous publications have indicated that the strongest vibrations of the existing tunnel lining are proportional to the maximum segmental explosive charge instead of the total charge [2]. Therefore, only cutting blasting was simulated to simplify the model and reduce the amount of calculation.
Table 2: The calculated parameters of each typical section.
	

	Rock mass	Position	Distance from explosive source (m)	Blasting footage (m)	Cut holes number	Cutting holes charge (kg)
	

	Grade III	YK47 + 725	39.0	3	18	43.2
	Grade IV	YK47 + 790	37.0	2	12	24
	Grade V	ZK46 + 700	31.5	1.5	6	21
	



To reduce the influence of the boundary effect, the left, right, and lower boundaries of the FEM model were taken as three times the width of the tunnel, the X and Y directions are 85 m and 50 m, respectively, and the Z direction is the corresponding blasting footage. To facilitate the division of the grid, only new tunnel cutting holes were modeled. To prevent the deformity of the grid, the numerical model of the cutting holes is parallel to the tunneling direction, and the centers of the two are the same. The radii of the explosive and air models are 1.6 cm and 2.1 cm, respectively. The numerical simulation is shown in Figure 3.


	
		
	
	
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	

Figure 3: Calculation model of blasting excavation.


3.2. Material Model and Parameters
The parameters of the MAT_PLASTIC_ KINEMATIC model with different parameters for the surrounding rock and the lining are shown in Table 3. In the model, high-performance explosive materials within LS-DYNA were used to simulate the explosion process of emulsion explosive, which was defined by the keyword MAT_HIGH_ EXPLOSIVE_BURN and the Jones-Wilkins-Lee (JWL) state equation [16]. The material parameters of the explosive are shown in Table 4. The state equation is as follows:where  is the detonation pressure, V is the relative volume, E0 is the initial energy per initial volume, and A, B, R1, R2, and ω are parameters related to charging the explosive.
Table 3: Physical and mechanical parameters of the rock and the lining.
	

	Material	Density (g/cm−3)	E (GPa)	μ	 (MPa)	K (GPa)
	

	III-grade rock mass	2.73	41.3	0.25	66.9	16.5
	IV-grade rock mass	2.70	38.6	0.25	64.6	15.6
	V-grade rock mass	2.67	35.2	0.25	50.8	14.7
	Shotcrete	2.36	25.5	0.20	13.4	10.6
	Secondary lining	2.40	28.0	0.20	16.7	11.7
	



Table 4: Explosive parameters.
	

	Density (g/cm−3)	Detonation velocity (m/s)	Detonation pressure (GPa)	A (GPa)	B (GPa)	R1	R2	ω (GPa)	E0 (GPa)
	

	1.0	4500	506	5.24e4	76.9	4.2	1.0	0.3	0.85
	



3.3. Calculation Results
The PPV distributions of the key points on the existing tunnel linings are shown in Table 5 and Figure 4. From Table 5 and Figure 4, it can be seen that the PPV facing the blasting source is larger than the PPV in the blasting backside due to the near detonating source position. The PPV facing the blasting source is approximately 1.49–1.68 times the PPV in the blasting backside. The PPV in the blasting backside is generally small, and the maximum value is only 6.36 cm/s. Therefore, the tunnel lining in the blasting backside is relatively safe. The maximum PPV of the tunnel lining under different conditions is located on the haunch of the lining facing the blasting source, which is the most dangerous position; thus, it should be the key monitoring object for subsequent vibration monitoring.
Table 5: The PPV of the existing tunnel lining.
	

	Simulated condition	Vibration direction	PPV of key point (cm/s)
	Arch crown	Blasting facing side	Blasting backside
	Arch feet	Sidewall	Haunch	Spandrel	Arch feet	Sidewall	Haunch	Spandrel
	

	III-grade rock mass	X-direction	5.99	6.23	8.86	10.70	8.38	5.26	5.33	5.46	6.36
	Y-direction	4.63	4.45	3.95	2.25	3.66	3.96	2.64	1.66	4.13
	

	IV-grade rock mass	X-direction	1.22	1.53	2.43	2.66	1.82	1.43	1.67	1.72	1.63
	Y-direction	1.15	0.90	0.59	0.64	1.24	0.90	0.63	0.82	1.34
	

	V-grade rock mass	X-direction	0.98	1.01	1.87	2.01	1.31	0.97	1.22	1.35	1.01
	Y-direction	0.68	0.69	0.56	0.51	0.90	0.60	0.47	0.69	0.88
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(c)
Figure 4: The PPV distribution of the existing tunnel lining under different surrounding rock grades. (a) Grade III rock mass. (b) Grade IV rock mass. (c) Grade V rock mass.


Because of the propagation characteristics of the wave, the vibration velocity in the vertical direction of the tunnel lining surface is significantly higher than that in the horizontal direction, and the velocity in the vertical direction is 1.06–4.75 times the horizontal velocity. Therefore, the vertical velocity plays a major role in the control of the blasting vibration. In addition, the maximum PPV of the existing tunnel lining is 10.7 cm/s, which is slightly greater than the preset safety threshold for PPV of 10 cm/s, and the PPV of both existing tunnels decreases with the increase in the surrounding rock grade. The maximum PPV of the tunnel is only 2.01 cm/s under grade V surrounding rock, which is only 1/5 of the PPV of the tunnel under grade III surrounding rock. Because of the influence of the joints and cracks in the surrounding rock, the attenuation rate of blasting vibration in the loose broken rock is significantly greater than that in the intact surrounding rock.
The distributions of peak stress on the key points of the existing tunnel lining under different surrounding rock grades are shown in Table 6. From Table 6, it can be concluded that the dynamic disturbance caused by blasting excavation on the existing tunnel lining was mainly dynamic tensile stress, and the peak tensile stress on the lining decreases with the decrease in the PPV.
Table 6: The peak stress of key point on the existing tunnel lining.
	

	Simulated condition	Stress	Peak stress of key point (MPa)
	Arch crown	Blasting facing-side	Blasting backside
	Arch feet	Sidewall	Haunch	Spandrel	Arch feet	Sidewall	Haunch	Spandrel
	

	III-grade rock mass	Tensile stress	0.57	0.67	0.38	0.44	0.48	0.56	0.37	0.40	0.43
	Compressive stress	0.53	0.54	0.40	0.42	0.39	0.56	0.46	0.48	0.51
	

	IV-grade rock mass	Tensile stress	0.36	0.36	0.17	0.20	0.26	0.43	0.17	0.19	0.32
	Compressive stress	0.31	0.23	0.18	0.20	0.23	0.41	0.19	0.27	0.25
	

	V-grade rock mass	Tensile stress	0.29	0.32	0.14	0.21	0.31	0.26	0.14	0.24	0.24
	Compressive stress	0.33	0.35	0.18	0.17	0.29	0.29	0.15	0.24	0.24
	

	Control standards	1.10 MPa (compression strength design value for C20 concrete); 9.60 MPa (tensile strength design value for C20 concrete)
	



The peak tensile stress under different surrounding rock grades does not vary significantly. The maximum peak tensile stress is 0.67 MPa, which reaches 61% of the standard value of the tensile strength of the concrete lining, and the dynamic safety factor of the lining is 1.6. To ensure the safety of the existing tunnels during blasting excavation of the new tunnels, the peak tensile stress due to blasting should have a certain safety reserve value. Therefore, it is feasible to set 10 cm/s as the safety threshold for the PPV of the existing tunnel lining.
Furthermore, there is no significant difference in the peak stress of blasting between the face side and the backside, and the peak stress in the position of the arch feet is greater than that of the rest. Therefore, it can be concluded that, under the current blasting charge and blasting mode, the influence of blasting excavation on the stability of the existing tunnel lining structure is limited, which can meet the requirements of construction safety. The numerical simulation results show that the blasting scheme of existing tunnels is feasible and can be implemented according to this blasting scheme.
4. Field Vibration Monitoring and Analysis
4.1. Monitoring Scheme
To verify the correctness of the numerical simulation results and understand the attenuation law of blasting vibration, PPV monitoring of the existing tunnel lining was conducted during the construction of new tunnels. Figure 5 illustrates the schematic arrangement of the measurement points. Four vibration monitoring points were set in a range of approximately 20 m before and after the location of the new tunnel excavating face. According to the above numerical simulation results, the maximum vibration velocity of blasting vibration is located on the haunch of the blasting facing-side, and the main vibration is vertical. Thus, the blasting vibration monitoring of this project mainly focuses on the vertical vibration velocity of the existing tunnel lining. The TC-4850 blasting vibration measurer was adopted to record the velocity-time histories of a vibration monitoring target, which is produced by Chengdu Zhongke Measurement & Control Co., Ltd.
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(b)
Figure 5: Layout scheme of PPV monitoring points for the existing tunnel. (a) Longitudinal profile. (b) Cross-sectional profile.


4.2. Analysis of the Monitoring Results
The PPV distribution interval statistics of the tunnel under different surrounding rock grades is shown in Figure 6. Figure 6 reveals that the PPV of the existing tunnel lining is mainly concentrated within 5 cm/s, which accounts for 93.11% of all field monitoring data. Only 14 PPVs exceed 10 cm/s, and all of them are concentrated in the tunnel portions of grade III surrounding rock. Therefore, it is appropriate to use 10 cm/s as the safety threshold of PPV in the Xinling tunnel.


	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
	
	
		
		
		
		
		
		
	
	
		
		
		
		
	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	
	
		
			
		
			
	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
		
	

Figure 6: Cartogram for PPV distribution interval of the tunnel under different surrounding rock grades.


The monitoring data of the blasting vibration at typical sections selected in the numerical simulation are shown in Table 7. It can be seen from Table 7 that the PPV of field monitoring is consistent with that of numerical simulation, and the error is approximately 5%. The PPV obtained by numerical simulation is slightly larger than the PPV of on-site monitoring. This finding shows that it is feasible and reliable to analyze and predict the influence of the blasting excavation of new tunnels on the lining structure of the existing tunnels through numerical calculation.
Table 7: Monitoring data of blast vibration for a typical section.
	

	Simulated condition	Position	PPV of on-site monitoring (cm/s)	PPV of numerical simulation (cm/s)	Error (%)
	

	III-grade rock mass	YK47 + 725	10.3	10.7	3.88
	IV-grade rock mass	YK47 + 790	2.5	2.66	6.4
	V-grade rock mass	ZK46 + 700	1.9	2.01	5.79
	



During the blasting construction of new tunnels, the monitoring group conducted a series of vibration tests and accumulated monitoring data for the existing tunnels under different blasting excavation methods and different surrounding rock conditions. As the blasting vibration is related to many factors, such as excavation scheme, maximum single-stage charge, rock strength and distance from blasting source [10–12], even if under the same surrounding rock grade, the attenuation rate of PPV will vary because of the different degrees of blasting disturbance. If Sadov’s empirical formula is used to regress the PPV of the surrounding rock conditions, then the correlation coefficient of regression will be low, and the regression results cannot ensure that the PPV will be controlled within a reasonable range. Therefore, we should first find the slowest attenuation monitoring data under the different surrounding rock grades and then proceed to the regression analysis. The fitting equations obtained by regression analysis of the slowest attenuation date would be reasonable for calculating the m