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Abstract

:

The new Austrian tunnelling method (NATM) and tunnel boring machine (TBM) are methods for excavating underground spaces. The NATM construction method has noise and vibration problems, and excavation using TBM has the disadvantage of high initial cost and is limited by ground conditions. A parallel TBM and NATM construction method has been developed to overcome these limitations. However, research on the TBM and NATM parallel construction method is lacking, and it is crucial to identify the applicability of the TBM and NATM parallel construction method in advance by applying it to various ground and blasting conditions. In this study, based on the vibration measurement data of the excavation site using the NATM construction method, the vibration measurement values generated when excavating the top surface using the existing NATM construction method and the TBM and NATM parallel construction methods were compared. Lastly, the vibration reduction effect of the two construction methods was analysed according to the tunnel excavation depth and tunnel size through 3D numerical analysis. As the depth of tunnel excavation increases, the vibration at the ground surface is reduced by up to 83%. In addition, as the ratio of the size of the blasting surface with NATM and the excavation surface with TBM is closer to 1.0, the vibration decreases.
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1. Introduction


With the development of urban areas, the above-ground space has reached a saturation point, and as an alternative to this, the development of underground space is receiving significant attention. In recent years, underground spaces have been used not only for transportation infrastructure, but also for underground facilities such as power stations, communications, water supply and sewage, and complex residential and cultural areas.



Excavation methods using the new Austrian tunnelling method (NATM) and tunnel boring machine (TBM) are representative construction methods for excavating such underground spaces. NATM is a method based on equilibrium theory, which leads to new equilibrium elastic or elasto-plastic states, contrary to conventional tunnels designed and constructed based on the relaxation load theory [1]. NATM is advantageous for cross-sectional construction, and realises excavation relatively cost-effectively in various ground conditions. However, it has the disadvantages of high overbreaks, low excavation velocity, and noise and vibration due to blasting. Compared to the blasting construction method, mechanised excavation using TBM has the advantage of low noise and vibration, higher safety, and cost- and time-effectiveness in long tunnels. However, it is difficult to change the excavation section, and the initial investment cost is high. Thus, TBM is not economical for tunnels with short distances.



To compensate for the disadvantages of the blasting construction method and mechanical excavation using TBM, several construction methods have been developed, and a representative construction method is the TBM and NATM parallel excavation method. TBM and NATM parallel excavation is superior in that it exhibits low noise and vibration as TBM mechanical excavation, and economic feasibility and flexible excavation cross-section of blasting can be realised. TBM and NATM parallel excavation is employed in performing preliminary excavation using a small-diameter TBM, and simultaneously enlarging the excavation cross-section through back explosive blasting according to the desired tunnel size and shape. This method can obtain a free surface and exclude centre-cut blasting that causes vibration, which significantly reduces noise and vibration. Additionally, it has the advantage of enabling follow-up measurements according to the condition of the bedrock, because it is possible to investigate the ground condition before wide excavation through the TBM preceding tunnel.



However, there is a lack of research on TBM and NATM parallel excavation according to various ground conditions, tunnel depth, size and shape, and the effect of back blasting using explosive charges on the front TBM mechanical device and preceding tunnel. Moreover, the required minimum offset from the blasting point needs further clarification. Such results are expected to enhance cost-effectiveness by securing the stability of the construction method and shortening the existing construction period.



In this study, 3D numerical analysis was used based on the vibration data measured on the upper ground surface of the site using the NATM blasting construction method to compare the existing blasting method and the TBM and NATM parallel construction method. For the application of the TBM and NATM parallel construction method, the vibrations generated during the blasting of the upper halves were compared, and the reduction rate of vibrations measured on the ground surface according to the excavation depth of the tunnel was analysed. In addition, based on the experiment conducted in [2], the blasting vibration reduction effect due to pilot tunnel sizes for a total of six cases was predicted by modelling pilot tunnels of 3.0 m and 5.0 m excavated using TBM, and 10.0 m, 15.0 m, and 20.0 m using NATM tunnels. This data was compared to the standard about vibration. This study suggests the appropriate depth and size of the tunnel excavation. It is expected to increase reliability and safety.




2. Literature Review


Due to the increasing urban development worldwide, the demand for underground space facilities is also increasing, and excavation methods, equipment, and related regulations for safer and more economical construction are continuously being studied. As of 2020, a total of 3526 road and railway tunnels were built in South Korea, with a total length of 3062.3 km [3]. In 2018, South Korea enacted the Special Act on Underground Safety, and mandated underground safety impact assessment and design. To this end, construction companies independently have been managing subsidence, vibration, and noise more strictly than domestic standards [4].



In Korea, the NATM construction method has been continuously used, starting with some subway constructions in Seoul and Busan in 1983. However, the NATM method has faced civil complaints due to blasting vibration and noise, and a poor working environment due to dust and gas. Unexpected geologic characteristics, planning and specification problems, calculation and numerical errors, construction problems, and management and control problems can cause collapse accidents caused by explosive blasting in NATM [5,6].



Ref. [7] developed a drilling path and ground exploration complex system for identifying the geological characteristics of the excavation surface. In this case, the MSP method was used for drilling a large-diameter armed hole to reduce tunnel blasting vibration. Ref. [8] reviewed major disaster-influencing factors when excavating NATM tunnels. The measurement indicators were specified through literature and expert surveys, and those were prioritized in order of disaster impact factors with the greatest impact through surveys and analysis. In addition, many studies have been conducted to overcome the disadvantages of blasting vibration and NATM [9,10].



TBM, which was used to excavate underground in the River Thames in England in 1825, rotates a cutter head equipped with several disc cutters to crush and excavate bedrock, and has advantages such as higher velocity, improved safety, and reduced vibration and noise compared to the NATM construction method. However, it has disadvantages such as expensive equipment, limited excavation cross-section and route, and difficulty in preparing for stratum change. Thus, extensive research on tunnel excavation using TBM is required [11,12,13,14]. Ref. [15] studied the effects on the torque, thrust force, chamber pressure, and upward force acting on the TBM due to excavating complex ground. The coupled method of the DEM (discrete element method) and FDM (finite difference method) was used for the TBM excavation model. Ref. [16] studied that the face pressure of an EPB shield TBM was predicted using the geological and operational data acquired from a domestic TBM tunnel site.



Consequently, the TBM and NATM parallel construction method, which was first developed by the Italian Railways in 1982 as a method to solve these disadvantages, can check unexpected geological characteristics through TBM pre-excavation, and has the advantages of securing a free surface due to the pilot tunnel, reducing vibration and noise due to the exclusion of centre cut blasting, and diversifying the size and shape of the tunnel by rear NATM excavation. It was shown in ref. [17] that it is possible to reduce construction costs by 50% per unit volume using TBM and NATM parallel construction compared to NATM blasting in good quality rock conditions. Moreover, it was shown in ref. [18] that when a small diameter of 3.5–5.0 m is employed in the TBM pilot tunnel, the constructability becomes excellent. Specifically, a 20% construction cost reduction can be realised due to the preliminary ground investigation of the pilot tunnel. In ref. [2], 3D numerical analysis was used to probe the impact of blasting vibration on TBM and backup devices depending on the type of bedrock and the power factor using the TBM and NATM parallel construction method. It was confirmed that the vibration velocity increased in high-density bedrock more than that in mud and soil. Additionally, the minimum offset required between the blasting point and the TBM was presented in comparison with permitted domestic blasting regulations.



Thus, in this study, the vibration data of a site using NATM blasting were measured, and numerical analysis was performed with the same ground and tunnel conditions as those of the measured site. However, the effects of torque, thrust force, chamber pressure, and upward force acting on the TBM were not considered. Moreover, the lining was not considered because of simulating TBM and NATM blasting in uniform good rock mass [19]. In this study, 3D numerical analysis was performed for the effect of blasting vibration according to four tunnel depths and six tunnel sizes. This was to find the optimal conditions for applying TBM and NATM parallel excavation. These optimal conditions are expected to help with economical and safe tunnel excavation.




3. Field Measurement of Blasting Vibration


3.1. Site Status


Although it is ideal to perform analyses based on a large number of field data, it is not efficient and cost-effective. Thus, we performed numerical analysis for various cases (tunnel depth and size) under the same ground and blasting conditions based on minimum field data. First, to measure blasting vibration data at the site, a measuring instrument was installed on the upper ground surface of the GTX-A underground express railway construction site, and the measuring instrument installation position was measured at a point 20.0 m from the outdoor aboveground part of the blasting section (Figure 1). The ground comprised a landfill layer (0–2.7 m), a weathered soil layer (2.7–21.4 m), a weathered rock layer (21.4–32.5 m), and a hard rock layer (32.5–76.0 m) (Figure 2). Further, as shown in Figure 2, the depth of the tunnel was located at –40.0 m from the ground surface, and a double-track tunnel with a width of 11.4 m and a height of 8.12 m was constructed (Figure 3).




3.2. Field Blasting Vibration Measurements


The equipment used for measurement has been approved by KOLAS, a Korean national certification body, and is used in many blasting sites in Korea. The measurement data comprised blasting data for a total of four days from 20 to 23 June 2022, and the vibration meter was measured every minute for 24 h. The day of blasting at the closest offset to the measurement point was the 21st. On days other than the 21st, vibrations of less than 0.1 cm/s occurred, and the maximum vibration was measured at 0.11 cm/s during blasting on the 21st (Figure 4). The measured result values were less than 0.2 cm/s, which corresponds to the domestic standard for cultural assets and vibration-sensitive structures, and vibration was not felt at the time of measurement (MOLIT, 2016). Table 1 shows domestic and foreign vibration regulation values.





4. Numerical Analysis According to Tunnel Depth


Numerical analysis is becoming an increasingly important aspect of solving geotechnical problems, both quantitatively and qualitatively. Since numerical analysis is the most flexible type of ground analysis applicable to changing properties, various initial conditions, and complex boundary conditions, it has been employed widely, introducing significant changes to ground analysis and design methods. Additionally, numerical analysis can obtain results in various forms using coded computer programs [21]. To this end, we used the FLAC 3D numerical analysis program (explicit continuum modelling of nonlinear material behaviour in 3D), a widely verified program developed by ITASCA as a 3D continuum analysis program for the mechanical analysis of rocks, soil, and structures. FLAC 3D is a program with strengths in dynamic analysis based on time-domain analysis techniques as well as continuum analysis, discontinuity analysis, and mechanical-hydraulic coupling analysis considering fluid flow [22]. However, this program is difficult to simulate the shaft or the detailed conditions of TBM. In addition, it is not suitable for analysing the interaction of soil and surrounding structures. For interaction with additional surrounding structures, FEM (Finite Element Method) is recommended.



4.1. Analysis Conditions


4.1.1. Modelling and Applied Material Properties


The target ground was modelled under the same stratum conditions as shown in Figure 2, and the ground of the GTX-A construction site, which comprised landfill, weathered soil, weathered rock, and hard rock layers, was modelled. In the previous numerical analysis, the boundary conditions of the X direction (both sides), Y direction (excavation direction), and Z direction (lower surface of ground modelling) of the model were set as quiet boundaries in the FLAC 3D program, so that the reflection wave in all directions were ineffective. For the blasting load, as shown in Figure 5, the same blasting pattern and blasting load as in the actual site were applied when the TBM and NATM parallel construction method was not used. The charge hole in the centre is perforated as shown in Figure 5. The number 1 and 2 in the figure mean different amounts of charge (A = 2.20 kg, B = 2.80 kg). Based on this, in order to compare the TBM and NATM parallel construction method and the use of protective shields, the NATM top surface excavation was simulated as shown in Figure 6. At this stage, the blasting pattern and blasting load were the same as those at the site, and only the size of the NATM tunnel was modelled according to the TBM and NATM parallel construction method. When the TBM and NATM parallel construction method was used, vibration-controlled blasting was considered, since the target ground is an urban area. Due to the condition of the TBM and NATM parallel construction method, expansion blasting was modelled with only outer shell holes excluding centre-cut blasting holes. The cross-section of the tunnel widened by NATM expansion blasting was 10.0 m, and the size of the pilot tunnel pre-excavated by TBM was 5.0 m (Figure 7). The mesh of each analysis used an automatically generated mesh by FLAC 3D. In this analysis, the ground and TBM material properties were calculated by referring to the GTX-A route ground survey report, and the ground and TBM were modelled using Mohr-Coulomb and elastic models, respectively. The applied material properties are listed in Table 2.




4.1.2. Blasting Load Calculation


In order to calculate the blasting load, the formula proposed in [23] was used. The blasting load calculated by the formula in [23] was obtained for the tamping with the charge amount for each charge hole (centre cut hole A: 2.20 kg, centre cut hole B: 2.80 kg, expanded hole: 0.75 kg), and the proposed formula in [24] was used to calculate the equivalent blasting load (P’). In this study, only the tamping was calculated here to interpret the same as the field conditions. For application as a dynamic load, the time history of vibration generated by blasting must be considered as well. As for the blasting load time history, the hysteresis curve of [24] was mainly used, and the calculated time history curve is shown in Figure 8. In this analysis, the equivalent blasting loads for the charge holes (centre cut hole A, centre cut hole B, and expanded hole) were calculated as 150.58 kg/cm2, 191.65 kg/cm2, and 119.78 kg/cm2, respectively [25]. The actual ground damping is not affected by the vibration frequency, but the damping matrix in the nonlinear analysis performed in the time domain is greatly affected by the frequency [26]. Moreover, according to the study of [27], as the damping increases, the conversion distance increases and the PPV decreases rapidly. Therefore, calculations about frequency and damping ratio are important. In this study, referring to [27], the duration was set as 0.001 s, and the equivalent frequency and ground damping ratio were 830 Hz and 1.0%, respectively. The equation for the blasting load calculation is Equations (1)~(5).


   P D  = 0.000424  V e    2   ρ e    1 − 0.543  ρ e  + 0.193  ρ e    2     



(1)




where PD: Blasting load (kg cm−2); Ve: Average explosion velocity (m s−1); ρe: Average density (g cm−3).


   P A  =   2  ρ a   C a     ρ a   C a  +  ρ e   V e    ×  P D   



(2)




where ρa: Dielectric flux density of sand (g cm−2); Ca: Propagation velocity of shockwaves (sand) (m s−1)


   P B  =        d e     d h       3  ×  P D   



(3)




where de: Explosive diameter (mm); dh: Borehole (mm)


   P ′  =  P B  × W × 2 π ×   D i a m e t e r   f o r   p e r f o r a t i o n     L e n g t h   a r o u n d   t h e   b l a s t   h o l e      



(4)




where W: Charge per delay (kg)


  P  t  = 4 P e x p     − B t    2      − exp ( −  2  Bt )  



(5)




where P(t): Pressure at time t (kg cm−2); B: Load constant (16,338); t: Arrival time (0.06 μs).




4.1.3. Analysis Case and Measurement Position


Analysis was performed under the same conditions as the site at a tunnel depth of 40.0 m, and compared with the field vibration measurement data. For the case of NATM half section (top) excavation and that using TBM and NATM parallel construction method, analyses were performed according to the depth, as shown in Figure 9. The measurement position on the ground surface for comparison with field data is shown in Figure 10. For the TBM and NATM parallel construction method, the impact of vibration according to the depth was analysed by measuring at the top of the pilot tunnel, the TBM, and the TBM excavation surface.





4.2. Analysis Results


4.2.1. Comparison of Field Measurement Data and Numerical Analysis Results


The field measurement data were 0.11 cm/s, and the measurement equipment that meets the Korean national standards was used. The result value was measured 20.0 m horizontally from the aboveground part of the tunnel under the same conditions of ground, blasting, and depth (40.0 m), as shown in Figure 11. The result measured 20.0 m horizontally from the aboveground part of the tunnel did not exceed 0.2 cm/s, which is the domestic standard for cultural assets and vibration-sensitive structures, listed in Table 1. In addition, as the offset from the excavation direction increased, the vibration velocity decreased rapidly, and at an offset of 80.0 m, the difference in horizontal offset seemed to be insignificant. Figure 12 shows a linear function graph of the offset in the excavation direction including the same point as the field data measurement position. This graph shows an accuracy of 98.89%, and the maximum vibration velocity for each offset can be interpreted using this graph.




4.2.2. Numerical Analysis Results According to Tunnel Depth


In this analysis, the case of general blasting with the same ground and blasting conditions as the previous field test and the case of using TBM and NATM parallel construction method with the protective shield were compared in terms of the tunnel depth. Here, the blasting surface was modelled as a half section (upper half blasting), as shown in Figure 6 and Figure 7, due to the characteristics of the TBM and NATM parallel construction method. Further, in the case of the TBM and NATM parallel construction method, the blasting hole was simulated with a contour hole. The position where the vibration measurement was conducted was measured at intervals of 20.0 m in the excavation direction with respect to the same measurement position (horizontal offset = 20.0 m) as the site directly above the tunnel. Figure 13 shows the results measured at each tunnel depth (20.0 m, 30.0 m, 40.0 m, and 50.0 m). When using the TBM and NATM parallel construction method with the protective shield at a tunnel depth of 20.0 m, there was a maximum vibration reduction effect of 53.85% directly above the blasting surface. Additionally, the vibration was reduced by up to 75.23% at a point 20.0 m away horizontally, which is the same point as the field measurement point. This trend showed a larger decrease rate as the tunnel excavation depth increased, where 72.50% (30.0 m depth), 75.74% (40.0 m depth), and 79.67% (50.0 m depth) decrease were observed directly above the surface; and 79.16% (30.0 m depth), 81.81% (40.0 m depth), and 83.33% (50.0 m depth) decrease were observed at a point 20.0 m away horizontally (Figure 14). As a result, it was confirmed that there is a vibration reduction effect when using the NATM parallel construction method with the protective shield, and the reduction effect is expected to increase as the tunnel excavation depth deepens.






5. Numerical Analysis According to Tunnel Size


5.1. Analysis Conditions


As shown in Figure 2, the target ground comprised landfill, weathered soil, weathered rock, and hard rock layers, and the material properties of each stratum are listed in Table 2. For numerical analysis, each case was classified into a total of six types according to the NATM widening tunnel size and TBM pre-excavation tunnel size, as shown in Figure 15. In the TBM and NATM parallel construction method, only the outer shell hole was blasted, and the same load as that of the expanded hole described in Section 4.1.2 was applied. The blasting vibration measurement position was measured at the rear of the TBM device at the top of the pilot tunnel and at the TBM excavation surface. The measurement points are shown in Figure 16.




5.2. Numerical Analysis Results by Tunnel Size


Figure 17 shows the vibration reduction effect according to the size of the pilot tunnel for each cross-sectional area of the back expansion blasting. The cross-sectional diameters of the NATM expansion blasting were classified into 10.0 m, 15.0 m, and 20.0 m, and at this time, the vibration velocity was measured for the pilot tunnel diameters of 3.0 m and 5.0 m for each cross-sectional diameter. Figure 17a,b shows the results of vibration velocity measurement at the rear of the TBM and at the excavation surface of the TBM when the expansion blasting cross section is 10.0 m and the pilot tunnel size is 3.0 m and 5.0 m. As the size of the pilot tunnel increased from 3.0 m to 5.0 m, the vibration velocity measured at the rear of the TBM and the excavated surface of the TBM decreased by 22.17% and 15.55%, respectively. These results prove that as the diameter of the pilot tunnel is equal to the size of the NATM extension blasting, the vibration velocity decreased due to the securing of a free surface. In other words, as the diameter of the blasting surface and the diameter of the TBM excavation became equal, a larger free surface was secured, which decreased the vibration velocity. Figure 17c–f show the results when only the expansion blasting cross-sectional diameter increased to 15.0 m and 20.0 m, respectively, under the same conditions. Compared to the previous expansion blasting cross-sectional diameter of 10.0 m, the vibration velocity increased significantly as the NATM expansion blasting cross-sectional area increased. This may be attributed to the fact that the blasting area simulated by the outer shell hole blasting experiences an increase in the number of blasting holes as the NATM expansion blasting cross-sectional area increases. However, as the pilot tunnel diameter increased from 3.0 m to 5.0 m, the vibration velocity decreased by 33.90% and 25.70% (when the expansion blasting cross-sectional diameter was 15.0 m), and 73.02% and 69.34% (when the expansion blasting cross-sectional diameter was 20.0 m) at the rear and the excavation surface of the TBM, respectively. From these results, it can be inferred that the larger the expansion blasting cross-sectional diameter, the greater the vibration velocity reduction effect due to the securing of a free surface. In summary, the vibration velocity decreases as the expansion blasting cross-sectional diameter and the cross-sectional diameter of the pilot tunnel due to the TBM pre-excavation become equal. Thus, it can be concluded that selecting the TBM pre-excavation pilot tunnel size considering this factor is important for the stability of the TBM and the ground.





6. Conclusions


The purpose of this study was to minimise the effect of NATM widening blasting on the pilot tunnel and TBM surroundings by using a protective shield during TBM and NATM widening parallel excavation. Accordingly, after comparing the numerical analysis results under the same conditions with the actual field measurement data, half-section blasting was modelled and compared with the results using the TBM and NATM parallel construction method. In addition, the effect according to the tunnel excavation depth and NATM and TBM excavation cross-sectional size was compared and analysed. The main results are as follows.



	
Vibrations from the actual excavation were measured on the ground surface of the GTX-A construction site where tunnels were excavated only by blasting, and it was confirmed that similar results were obtained from modelling and analysis under the same conditions (the maximum vibration was measured at 0.11 cm/s). Based on this, the difference in vibration between the TBM and NATM parallel construction method using the protective shield and when the tunnel half section was excavated only by blasting excavation were compared, and the results were organised according to the tunnel excavation depth. As a result of measuring the vibration at the same point as the field measurement, when the tunnel excavation depth was 20.0 m, the vibration velocity was reduced by 75.23% by the parallel excavation method, compared to blasting excavation. Further, it was observed that the greater the depth, the greater the reduction (30.0 m depth = 79.16%, 40.0 m depth = 81.81%, 50.0 m depth = 83.33%). Therefore, it is judged that large-depth tunnel excavation has a greater vibration reduction effect than low and medium-depth tunnel excavation.



	
In the case of an expansion blasting cross-section of 10.0 m, as the pilot tunnel size increased from 3.0 m to 5.0 m, the vibration velocity measured at the rear of the TBM and the excavation surface of the TBM decreased by 22.17% and 15.55%, respectively. When the expansion blasting cross section was extended to 15.0 m and 20.0 m, the vibration occurred more extensively, and as the TBM pilot tunnel size increased from 3.0 m to 5.0 m, the vibration reduction width also increased along with the expansion blasting cross-section. Due to the condition of the TBM and NATM construction method, which is blasted with an outer shell hole, it seems that the vibration velocity increases as the expansion blasting cross-section and the number of blasting holes increase. The tendency for the vibration velocity to decrease as the size of the TBM pilot tunnel increases to 3.0 m and 5.0 m is considered to be because securing a free surface has a great effect on reducing the vibration velocity.



	
These results show that the vibration velocity reduction width increases as the expansion blasting cross-section increases, but when the expansion blasting cross-section is 20.0 m or more, it exceeds the maximum domestic standard of 4.0 cm/s, as well as foreign standards. Thus, actual construction is expected to be difficult. Therefore, when using the TBM and NATM parallel construction method using a protective shield, the area of the widening blasting surface should be preferably 10.0 m or less, which is measured at a vibration velocity of 1.0 cm/s. Further, considering the cost aspect, it is effective to construct the free surface as large as possible.



	
This study was conducted based on the measurement data of a specific site, and further research on various ground and blasting conditions is needed. Moreover, when excavating an underground tunnel, we plan to study a method to protect the TBM backup device from blasting rockslide during the TBM and NATM parallel construction method. In addition, studies on the force (the torque, thrust force, chamber pressure, and upward force) acting on the TBM and tunnel lining, which were not considered in this study, will be added.
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Figure 1. Vibration measurement site position. 
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Figure 2. Site ground layer composition. 






Figure 2. Site ground layer composition.



[image: Applsci 13 03492 g002]







[image: Applsci 13 03492 g003 550] 





Figure 3. Tunnel design cross-section. 
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Figure 4. Blasting vibration field measurements. 
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Figure 5. Numerical modelling equivalent to field conditions. 
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Figure 6. Top surface excavation numerical analysis modelling based on field conditions. 
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Figure 7. Numerical analysis modelling of top surface excavation using TBM and NATM parallel construction method. 
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Figure 8. Time history curve. 
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Figure 9. Numerical analysis cases by depth. 
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Figure 10. Blasting vibration measurement position. 
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Figure 11. Comparison of field measurement data and numerical analysis results. 
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Figure 12. Vibration prediction linear function graph according to offset in excavation direction. 
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Figure 13. Comparison of vibration reduction for offset in excavation direction. 
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Figure 14. Vibration velocity reduction in the TBM and NATM parallel construction method by tunnel depth. 
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Figure 15. Cases of analytical modelling according to size of NATM tunnel and TBM pre-excavation tunnel. 
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Figure 16. Measurement point. 
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Figure 17. Cases of analytical modelling according to size of NATM tunnel and TBM pre-excavation tunnel. (a) The rear of the TBM (NATM = 10); (b) The TBM excavation surface (NATM = 10); (c) The rear of the TBM (NATM = 15); (d) The TBM excavation surface (NATM = 15); (e) The rear of the TBM (NATM = 20); (f) The TBM excavation surface (NATM = 20). 
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Table 1. The blasting vibration standards for each country [20].
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Classification

	
Building Type

	
Permissible Vibration

(cm/s)






	
Korea

	
Vibration-sensitive structures and cultural heritage

	
0.2




	
Structures with masonry infill walls and timber ceilings

(traditional houses and low-rise general houses)

	
1.0




	
Masonry buildings with underground foundations and concrete slabs (row houses)

	
2.0




	
Medium and small buildings with reinforced concrete frameworks and slabs (low-rise apartments)

	
3.0




	
Large buildings with reinforced concrete, reinforced framework, and slabs (high-rise apartments)

	
5.0




	
United Kingdom

	
Tunnel blasting in densely populated areas

	
1.0




	
Tunnel blasting in areas with low population density

	
2.5




	
Open-pit blasting at a frequency of 12 Hz or less

	
1.2




	
Other

	
0.5




	
United States

	
Vibration with a frequency of 40 Hz or more

	
5.0




	
Vibration with a frequency of 15 Hz or more

	
1.0




	
Vibration with a frequency of 1 Hz or less

	
0.5




	
No damage caused

	
0.2




	
Japan

	
Vibration can be detected, but no structural damage occurs

	
0.2–0.5




	
Microscopic damage occurs only in areas where the structure is particularly vulnerable

	
0.5–1.0




	
Austria

	
Vibration with a frequency of 15 Hz or more

	
1.9




	
Vibration with a frequency below 15 Hz

	
0.02




	
Switzerland

	
Historical relics or sensitive structures at 10 to 60 Hz

	
0.762




	
Historical relics or sensitive structures at 60 to 90 Hz

	
1.27
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Table 2. Ground and TBM material properties.
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	Classification
	Model
	γ (kN/m3)
	E (kN/m2)
	ν
	c (kN/m2)
	Φ’ (°)





	Landfill
	M-C
	18
	13,000
	0.3
	0
	31



	Weathered soil
	M-C
	19
	35,000
	0.3
	15
	31



	Weathered rock
	M-C
	20
	300,000
	0.3
	30
	33



	Hard rock
	M-C
	27
	12,900,000
	0.2
	1890
	40



	TBM
	Elastic
	78.5
	20,000,000
	0.2
	-
	-







γ: Unit weight of soil, E: Young’s modulus, ν: Poisson’s ratio, c: Cohesion, Φ’: Angle of shearing resistance.
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