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Abstract:



Most of the tunnel excavation methods involve the use of explosion and vibration techniques that is not feasible in urban areas due to unavoidable production of noise, vibration, and dust. The environmental considerations of tunneling projects in urban areas demand the use of excavation methods in which minimum noise, vibration, and dust is produced. In this study, non-vibrational rock splitting method is introduced that involves the fragmentation of rock segments using a split-wedge system inserted into already drilled boreholes. The main objective of this study is the investigation of important parameters involved in the non-vibrational rock splitting method for improving its efficiency. Discrete element analysis of this method was performed using Particle Flow Code (PFC2D) and the concept of Representative Elementary Volume (REV) was used to simulate intact rocks based on their unconfined compressive strength and modulus ratio concept. Maximum borehole spacing values were obtained using the numerical simulation of rock splitting process in intact rocks. The numerical analysis results show that increased borehole spacing values can be used for all intact rock types in cases of average modulus ratio and high modulus ratio and also that decreasing the borehole depth generally results in the use of increased borehole spacing.
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1. Introduction


The invention of high level explosives in the nineteenth century has made it possible to excavate large scale underground spaces. With the help of explosives used in detonation devices, almost any type of rock can be shattered to create any size of cavity and these type of explosive excavation methods are widely used in tunneling and underground space activities due to their easier and relatively simpler way of usage. However, these blasting methods carry their own limitations, as they are either restricted or not permissible at all in urban areas due to the production of vibration, noise and dust which are, for obvious reasons, unbearable for urban population. Alternatively, tunnel boring machine (TBM) can be used but it can only be used for the construction of large-sized circular openings. TBM excavation is also not possible for all types of urban excavations such as the underground space creation for the provision of public facilities such as roadways, railways, sewage facilities and transmission of electrical lines. Tunnel excavation is a vital part of the construction and development activities in urban areas especially big metropolitans, and the environmental impacts of tunneling such as vibration, noise, and dust production are necessary to be considered in the management of such projects.



The considerations stated above require the use of a tunnel excavation method in which the least noise, vibration, and dust are produced. One of such methods involves the use of a non-vibrational rock splitting method in which a split-wedge system is inserted into the boreholes already drilled in the rock and the operation of split-wedge system causes subsequent splitting of rock segments which are collected and transported out of the site easily [1]. There exists little literature on the analysis and performance of this method in different construction projects. The introductory details of this non-vibrational rock splitting method were overviewed and the drilling and free face forming method for controlled blasting excavation (Kaminiko Tunnel, Japan) was investigated [2]. The applicability of this method was analyzed for the construction of twin-tube tunnels (Follo line project, Norway) using the surface fracturing analysis through FEM (Finite Element Method) simulations [3]. The production of noise level in the whole excavation process (Blasting environmental impact assessment project, South Korea) was found to be less than 80 dBA, as recorded in a testing project [4], which is less than the Sound Exposure Level (SEL) of 82 dBA for a single transit car traveling at 50 mph at a distance of 50 feet from the receptor [5].



Non-vibrational rock splitting method is used all over the world for urban excavation projects where conventional blasting methods are not applicable. The applications of this method are not restricted to tunneling projects, rather it is used widely for building basement dig out, downtown road construction and expansion, trench excavation, vertical shaft excavation and pipe route construction. While some researchers have worked on different parameters involved in the use of this method, such as the disturbance level due to noise production and the applicability of this method under different geological conditions; there is still lack of research work regarding the excavation mechanism and investigation of fracture propagation in rock due to rock splitting in different rock strength conditions. Furthermore, the constitutive equations involving the relationship between various parameters of non-vibrational rock splitting method are also not available due to lack of research work.



An important part of the non-vibrational rock splitting method is the drilling of boreholes that not only takes much time but also produces most of the noise too. The spacing between boreholes depend on the strength parameters of the rock to be excavated. If the borehole spacing can be increased without compromising the rock splitting process, it will not only produce less noise but will also involve minimum time and power consumption which can result in an economical and efficient excavation process to be conducted. However, there are no guidelines available to select the borehole spacing values based on rock strength parameters and other excavation parameters involved in this method. For this reason, it is needed to analyze the rock splitting behavior, fracture propagation, and borehole spacing values under different rock strength conditions using the non-vibrational rock splitting method.



The main objective of this study is to investigate the optimum borehole spacing to be used for excavation process in different types of intact rock based on unconfined compressive strength. The three types of intact rock were further classified according to the modulus ratio concept [6,7], as illustrated in Figure 1, which classifies the intact rocks depending on the ratio of Young’s modulus to unconfined compressive strength. This classification was based on the laboratory tests of 613 rock specimens from different locations. In this study, numerical analysis was performed for the rock-splitting process using PFC2D, a commercial code based on particle mechanics approach, due to the inherent function of PFC2D of crack formation and coalescence so that the fracture propagation due to rock splitting process could be investigated. Microscopic parameters used in PFC2D are needed to be calibrated for simulating the strength parameters of rock-like material. The behavior of intact rock simulated in PFC2D is dependent on the selection of such microscopic parameters that reflect the true mechanical behavior of rock. For this purpose, the concept of Representative Elementary Volume (REV) was also applied in the numerical simulations in order to reflect the true mechanical behavior of rock in rock splitting model.


Figure 1. Classification of intact rock based on modulus ratio concept.
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2. Non-Vibrational Rock Splitting Method


The most important feature of non-vibrational rock splitting method is the split-wedge system that consists of a combination of a steel wedge and two counter-wedges, widely used in the construction industry for rock splitting by inserting it in the already drilled boreholes in the rock [8], as illustrated in Figure 2. This system can be easily mounted on an excavator in less than 10 min and requires only one person to operate. This saves the manpower required by the other types of excavation methods from being used. Usually, the excavators are commonly available with the contractors so relatively cheaper investment has to be made for using the split-wedge system. Much less time is required to learn about the efficient operation of this system.


Figure 2. Illustration of rock splitting process.



[image: Applsci 08 00335 g002]






The use of this rock splitting method is very safe as there is always a safe distance between the rock face to be excavated and the excavator in which the driver sits. Continuous excavation process can be carried out using this mechanized method in the form of borehole drilling, rock splitting, and hauling procedures conducted simultaneously. This makes it very easy to break and excavate the rock material without causing the vibration, noise and dust problems as compared to other mechanized as well as blasting methods. The boreholes are drilled in a formation, at first, in the rock using jumbo drill so that the rock splitting process could be initiated. The general features of split-wedge system and borehole configuration widely used in the construction industry (for instance [9]) are given in Table 1. Due to the splitting action by the split-wedge system, around 70% of the borehole depth usually fragments out and some part of the borehole remains there even after the initial excavation cycle.


Table 1. Characteristic features of split-wedge system and borehole.


	Characteristic Feature
	Magnitude (Units)





	Power of maximum rock splitting (kg)
	2.18 × 106 kg



	Length of counter-wedge (mm)
	1000 mm



	Borehole splitting width (mm)
	15~20 mm



	Depth of drilled borehole (mm)
	1000~1400 mm



	Borehole diameter (mm)
	76 mm









The spacing between the individual boreholes depends on the strength properties of the rock. The harder the rock material is, the smaller the borehole spacing it will require for the rock splitting process. The non-vibrational rock splitting method also requires a free surface to be artificially formed at the working face, just like the other mechanized and blasting methods used for excavation. Free face is any natural or excavated space towards which the rock mass can move during the splitting action due to fracture propagation. In order to create free surface for the excavation process, various methods have been proposed [10,11], but these methods have some limitations such as the requirement of a special forming device, accuracy and efficiency of the forming in continuity. Considering these limitations, the jumbo drill is generally used not only to create the free surface but also the borehole drilled for rock splitting process. The boreholes must be sufficiently deep and in a straight alignment for conducting successful rock splitting process. Vertical boreholes are recommended to be covered with a cloth after drilling so that the rock fragments do not enter the borehole and borehole depth is effectively maintained. The illustration of one of the conceptual borehole configuration and free surface is shown in Figure 3.


Figure 3. Conceptual borehole configuration and free surface.
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After the completion of borehole drilling, the split-wedge system is mounted on the excavator and is then inserted in the borehole adjacent to the free surface. The main cylinder of the excavator exerts pressure on the central wedge which, as a consequence, starts moving in between the counter-wedges. The movement of the wedge between the counter-wedges forces them to move apart up to 20 mm of splitting width at the face of borehole and as a result of this process, the counter-wedges start exerting pressure on the walls of the borehole. The exertion of pressure on the walls of the borehole starts creating fractures in the rock and ultimately, a breakout zone is formed that breaks out of the surface along the fractured rock and can be hauled away without any additional effort. These broken rock segments can then be transported out of the construction site for crushing or any other purposes. The splitting width of the counter-wedges at the face of borehole is usually 20 mm but this splitting width can also be designed to increase if the power consumption is increased. In this study, the intact rock material has been divided in to three types based on their unconfined compressive strength (UCS) and the typical values of borehole spacing in practice by different construction companies in South Korea (for instance [9]) are mentioned in Table 2. The borehole depth is usually kept as 1.4 m and the full length (1 m) of split-wedge system is used for the rock splitting process.


Table 2. Borehole spacing values typically used according to intact rock strength 1.


	Rock Type
	UCS (MPa)
	Borehole Spacing (m)





	Soft rock
	50
	0.7



	Normal rock
	100
	0.6



	Hard rock
	150
	0.6







1 UCS, unconfined compressive strength.









3. Numerical Simulation Process


3.1. UCS Tests Based on Modulus Ratio Concept


The DEM (Discrete Element Method) modeling of non-vibrational rock splitting method was performed using PFC and the optimum borehole spacing for soft rock, normal rock, and hard rock was proposed. In order to simulate the mechanical behavior of the rock material, a typical PFC2D model requires some microscopic parameters to be determined such as; particle radius, particle and parallel bond stiffness ratios, particle friction coefficient, and parallel bond normal and shear strengths. Since these microscopic parameters cannot be measured directly through the laboratory experiments, back calculation needs to be performed by a numerical calibration process. The microscopic parameters used in the UCS tests in PFC2D were calibrated so that the required intact rock properties, such as Young’s modulus, Poisson’s ratio and UCS were obtained. The rock materials to be used for numerical analysis in this study were classified into three types; soft rock, normal rock, and hard rock, and the UCS of these rocks was selected as 50, 100 and 150 MPa, respectively. Based on the modulus ratio concept, these rock types were further classified into three categories, presented in Table 3. In this study, the ratio of Young’s modulus to unconfined compressive strength for high modulus ratio, average modulus ratio, and low modulus ratio was used as 550:1, 300:1 and 150:1, respectively.



Table 3. Young’s modulus values of soft, normal, and hard rock based on modulus ratio concept.



	
Rock Type

	
Young’s Modulus (GPa)




	
Low Modulus Ratio

	
Average Modulus Ratio

	
High Modulus Ratio






	
Soft rock

	
8

	
15

	
27.5




	
Normal rock

	
15

	
30

	
55




	
Hard rock

	
23

	
45

	
82.5










Using PFC2D, the UCS tests were performed to obtain the microscopic parameters of soft rock, normal rock, and hard rock in all three categories of modulus ratios. A lot of careful iterations performed for the calibrations of the microscopic parameters so that the calibration results could match with the index properties of the intact rock types used in this study. As the size of PFC models prepared to simulate the rock fracturing phenomenon was 6 m × 6 m, the minimum particle size used in the model was 6 mm due to the computational limitations. That is why, the minimum particle size used for UCS tests was also 6 mm. The microscopic parameters related to all three types of rocks obtained by the calibration process are given in Table 4. Four microscopic parameters namely; particle-particle contact Young’s modulus (Ec), Young’s modulus of parallel bond (Ēc), parallel bond normal and shear strength ([image: ] and [image: ]) depend on the respective modulus ratio of the rock and were obtained for each intact rock type in all three categories of modulus ratios by using REV concept which will be discussed in the later sections.



Table 4. Microscopic parameters obtained by calibration after unconfined compressive strength (UCS) tests 1.



	
Microscopic Parameter

	
Values Obtained by UCS Test




	
Soft Rock

	
Normal Rock

	
Hard Rock






	
Particle density (kg/cm3)

	
2630

	
2630

	
2630




	
Minimum particle radius, Rmin (mm)

	
3

	
3

	
3




	
Particle size ratio, Rmax/Rmin

	
1.66

	
1.66

	
1.66




	
Initial sample height (mm)

	
600

	
600

	
600




	
Initial sample width (mm)

	
300

	
300

	
300




	
Particle-particle contact Young’s modulus, Ec (GPa)

	
—REV dependent—




	
Particle stiffness ratio, (kn/ks)

	
2

	
2

	
2




	
Young’s modulus of parallel bond, Ēc (GPa)

	
—REV dependent—




	
Parallel bond stiffness ratio, λ

	
2

	
2

	
2




	
Particle friction coefficient, µ

	
0.5

	
0.5

	
0.5




	
Parallel bond normal strength, mean, [image: ] (MPa)

	
—REV dependent—




	
Parallel bond normal strength, std. dev, [image: ] (MPa)

	
5

	
10

	
10




	
Parallel bond shear strength, mean, [image: ] (MPa)

	
—REV dependent—




	
Parallel bond shear strength, std. dev, [image: ] (MPa)

	
5

	
10

	
10








1 REV, Representative Elementary Volume.









3.2. REV Application in PFC2D


When a rock engineering project is started, compression tests need to be conducted for the determination of strength parameters of the in-situ rock. The results of the conducted tests provide the measured values that are observed to be widely spread. Different properties of the rock material are usually obtained over a wider range of domain. The spread of these values depend on the natural inhomogeneity and the presence of pre-existing discontinuities in the rock material. In order to cater for this observation, a domain of rock material is needed to be tested for which this spread of measured strength properties does not significantly affect. The basic concept of Representative Elementary Volume (REV) was introduced in 1972 [12] and it is defined as the minimum size or volume of the sampling domain above which the characteristic properties of the material remain basically constant. In other words, for any given material, REV is basically that volume of the material that is able to contain sufficient number of discontinuities or inhomogeneities so that when the tests are conducted repeatedly on the material, the average value is reasonably consistent with the test results [13] and the scatter in the values is minimum (Figure 4). This concept has been used for obtaining REV of permeability, porosity and various petrophysical properties of rock [14,15,16] as well as for investigation of REV for fractured and jointed rock mass [17,18,19,20].


Figure 4. Scatter in material properties with respect to the sample size, illustrating representative elementary volume (REV) based on coefficient of variation (CoV).
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In order to use particle mechanics approach in PFC modeling for rock mechanics applications and failure mechanisms, three main issues need to be considered. Firstly, the microscopic parameters such as particle stiffness and friction coefficient needs to be decided because they cannot be directly measured through physical experiments in laboratory. The other two issues are the selection of model size and particle size in compression tests for reliable simulations. The microscopic parameters needed to simulate the actual macroscopic behavior of rock can be obtained by repetitive numerical simulations to calibrate the microscopic parameters in the particle model until the desired macroscopic properties like UCS, Young’s modulus and Poisson’s ratio are achieved. These microscopic properties for a given particle size to diameter ratio obtained by this process are unique for reproducing the above mentioned macroscopic properties typically needed as the mechanical parameters of rock. The effects of model size and particle size of the bonded particle model (BPM) in PFC2D on the mechanical behavior is interrelated. Usually, the model size and particle size for compression tests is determined according to the needs of engineering application and computational limitations and non-realistic particle size needs to be used in large scale models prepared in PFC2D. Therefore, it is necessary to apply the REV concept in the PFC2D modeling in order to simulate the real behavior of rock material.




3.3. REV Calculations


The REV concept was used in this study in order to observe the effects of sample size and particle size as well as to obtain the microscopic properties representing the homogeneous physical behavior of the model at macro scale. In this study, REV was achieved by obtaining the minimum size of the sample above which the sample diameter does not affect the mechanical behavior of the material; at coefficient of variation to be less than 5% for the average value of five consecutively larger samples. The coefficient of variation (CoV) is defined as the ratio of standard deviation to the mean values of the measured parameter under consideration. Since rock is a natural and not man-made material, the value of CoV for a rock property is generally used as less than 5% for REV studies [21,22,23,24], as the scatter in testing results or CoV of UCS, point load index and Brazilian tests was recorded as far greater than 5% after testing of many types of rock specimens [25,26,27,28,29,30]. In order to achieve REV, the initial sample of 30 cm diameter was generated and the macroscopic parameters of the sample i.e., UCS, Young’s modulus (E) and Poisson’s ratio (υ), were obtained by performing UCS tests for all rock types in PFC2D code. The microscopic parameters were sequentially calibrated so that the required macroscopic parameters could be achieved. Brazilian tensile strength (BTS) tests and compressive strength tests at confining pressures of 5, 10, 15 and 20 MPa were performed for all rock types using 30 cm diameter sample and the results were recorded. More samples were generated by increasing the sample diameter by 5 cm at a time and UCS, BTS and compression tests were performed for each increased sample diameter until the CoV of all the macroscopic parameters (UCS, E, υ, BTS and compressive strengths at various confining pressures) for five consecutively larger samples was obtained to be less than 5%. Every time diameter of the sample was increased, the calibration of microscopic parameters had to be performed in UCS tests so that the required UCS, E, and υ for the increased sample size could be achieved. For REV calculations, all the microscopic parameters given in Table 4 needed not to be changed and only four microscopic parameters namely; particle–particle contact Young’s modulus (Ec), Young’s modulus of parallel bond (Ēc), parallel bond normal and shear strength ([image: ] and [image: ]) were carefully calibrated in UCS tests each time the sample diameter was increased. In the calibration process, the values of particle-particle contact Young’s modulus (Ec) were kept equal to the values of Young’s modulus of parallel bond (Ēc), whereas, the values of parallel bond normal strength ([image: ] were kept equal to the values of parallel bond shear strength ([image: ]. The compression test results for low modulus ratio, average modulus ratio, and high modulus ratio are presented in Figure 5, Figure 6 and Figure 7, respectively. The BTS test results for low modulus ratio, average modulus ratio, and high modulus ratio are presented in Figure 8, Figure 9 and Figure 10, respectively. For each case of intact rock strength (UCS), according to their modulus ratio, the compression tests as well as BTS tests were performed simultaneously by increasing the sample diameter by 5 cm at a time until REV was achieved for both compression and BTS tests. The microscopic parameters, obtained after calibration by performing UCS tests and REV calculations for BTS and compression tests, change with the increase in sample diameter. The values obtained for both compression and BTS tests were then recorded and were used to calculate CoV in each case for a set of five consecutively larger samples. The tests were used to stop conducting when the CoV was calculated to be less than 5% which indicated that the smallest sample of the set of five consecutively larger samples represents REV. Since, the CoV of all UCS tests were obtained to be less than 5%, REV was achieved at 30 cm sample diameter for all the cases when compression tests were performed but, in all the cases of BTS tests, REV was achieved at sample diameter greater than 30 cm. This means that REV is dependent on the BTS tests results more than the compression test results. That is why, the higher sample diameter among the REV results of compression and BTS tests for each case was selected to represent REV of that case. The microscopic parameters related to that sample diameter in each case were then used to simulate the intact rock for conducting the rock splitting process. In Figure 5, Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10, the sample diameter at REV for each case is shown by highlighting the compression and BTS values at that sample diameter in red circles. The importance of performing REV calculations for PFC2D simulations is that if the microscopic parameters related to any sample size is used for modeling, then the compressive strength and tensile strength of the rock-like material prepared in PFC2D does not represent the actual compressive and tensile strength of the intact rock intended to be simulated for numerical analysis.


Figure 5. Compression test results (low modulus ratio), sample diameter at REV in red circle.
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Figure 6. Compression test results (average modulus ratio), sample diameter at REV in red circle.
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Figure 7. Compression test results (high modulus ratio), sample diameter at REV in red circle.
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Figure 8. Brazilian tensile strength (BTS) test results (low modulus ratio), sample diameter at REV in red circle.
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Figure 9. BTS test results (average modulus ratio), sample diameter at REV in red circle.
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Figure 10. BTS test results (high modulus ratio), sample diameter at REV in red circle.
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For high modulus ratio, the sample diameters at REV for soft rock, normal rock, and hard rock were obtained as 40, 45 and 45 cm, respectively. For average modulus ratio, the sample diameters at REV for soft rock, normal rock, and hard rock were obtained as 45, 45 and 45 cm, respectively. For low modulus ratio, the sample diameters at REV for soft rock, normal rock, and hard rock were obtained as 45, 50 and 50 cm, respectively. Based on the REV calculations, the values obtained for particle-particle contact Young’s modulus (Ec) and Young’s modulus of parallel bond (Ēc) for all types of rocks are presented in Table 5 and the values obtained for parallel bond normal and shear strength ([image: ] and [image: ]) for all types of rock are presented in Table 6.



Table 5. Particle-particle contact Young’s modulus (Ec) and Young’s modulus of parallel bond (Ēc).



	
Rock Type

	
Microscopic Parameters (Ec and Ēc)




	
Low Modulus Ratio

	
Average Modulus Ratio

	
High Modulus Ratio






	
Soft rock

	
6.1

	
11.42

	
21.8




	
Normal rock

	
11.6

	
23

	
41.9




	
Hard rock

	
17.75

	
34.5

	
63.5










Table 6. Parallel bond normal and shear strength ([image: ] and [image: ]).



	
Rock Type

	
Microscopic Parameters ([image: ] and [image: ])




	
Low Modulus Ratio

	
Average Modulus Ratio

	
High Modulus Ratio






	
Soft rock

	
34.5

	
32

	
31




	
Normal rock

	
66

	
68

	
67.5




	
Hard rock

	
99.4

	
101

	
100











3.4. Model Preparation Using REV Calculations


In order to simulate the rock splitting process in all types of rock using PFC2D, the rock splitting models of size 6 m × 6 m were prepared with fixed boundary conditions, as shown in Figure 11a. The particles at the model boundaries were fixed to control the displacements at the boundary. The microscopic parameters obtained for each rock type through REV calculations were used in simulating the rock splitting model for each case. In order to prepare a free surface, the particles at the top of the model as well as adjacent to the proposed borehole were removed up to 2 m, as shown in Figure 11b. Subsequently, a borehole of 76 mm diameter was excavated by removing the particles starting from the upper free surface of the model up to a depth of 1.4 m, as shown in Figure 11c. Finally, two walls were installed at both sides of the excavated borehole up to 1 m depth for simulating the counter-wedges, as shown in Figure 11d. The stiffness of both walls was kept as 200 GPa [31] in order to match the stiffness of structural steel used in fabricating the counter-wedges of the split-wedge system.


Figure 11. Steps involved in the formation of rock splitting model, (a) bonded particle model; (b) formation of free surface; (c) borehole excavation; (d) installation of counter-wedge walls.
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In order to analyze rock splitting in soft rock, normal rock, and hard rock, the initial value of borehole spacing was kept as 0.5 m that was gradually increased until the crack propagation due to split-wedge action could not reach the adjacent free space. Borehole spacing can be defined as the horizontal distance from the center of the borehole to the free space created adjacent to it. The rock splitting analyses was performed by increasing the borehole spacing values in soft, normal and hard rocks. A series of rock splitting experiments were performed by using the splitting width of 20 mm. Splitting width is the horizontal distance between the two sides of the borehole after the counter-wedges finish their splitting function. For achieving the splitting width in the rock splitting model, the two walls installed at both sides of the excavated borehole were moved apart and their displacements were monitored in both cases until the distance between both walls was obtained as 20 mm. The initial model was prepared with the borehole spacing of 0.5 m in all cases of rock strength. A number of models were generated by increasing the borehole spacing by 0.1 m at a time and rock splitting process was performed until the crack propagation failed to reach the free surface, as shown in Figure 12a,b.


Figure 12. Illustration of rock splitting process through crack propagation in soft rock (in yellow); at average modulus ratio, (a) initial rock splitting model (0.5 m borehole spacing); (b) final rock splitting model (1.1 m borehole spacing).
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4. Results


The results for all cases show that a microcracking or breakout zone, consisting of micro-tensile and micro-shear cracks, was formed between the side of the borehole and its adjacent free space due to rock splitting process. In Figure 12, the micro-tensile and micro-shear cracks generated due to rock splitting can be seen in black and red colors respectively. The grey color in the breakout zone represents the displacement vectors in the model. When the split-wedge system started splitting the sides of the borehole, micro-shear cracks were formed around the periphery of the borehole. These micro-shear cracks did not propagate further than a few centimeters from the wall of borehole. Afterwards, the micro-tensile cracks started propagating horizontally from the tip of the counter-wedge towards the adjacent free space. This horizontal propagation of micro-tensile cracks can be viewed as a result of the thrust from the counter-wedge.



In most of the cases, the propagation of the micro-tensile cracks created a primary fracture surface that separated the breakout zone from the rock material. In some cases, however, one or more secondary fracture surfaces were also observed to either emanate from the primary fracture or being developed individually due to the rock splitting action. The depth of breakout zone did not seem to vary with the borehole spacing and ranged between 1 m and 1.4 m. The maximum values of borehole spacing for which the fracture surface reached the adjacent free surface in all cases of modulus ratio for soft rock, normal rock, and hard rock are presented in Figure 13. Since, the modulus ratio concept is not considered in typically used vales of maximum borehole spacing, a comparison between the numerical analysis results and the typically used values of borehole spacing can be useful.


Figure 13. Comparison of maximum borehole spacing values at different intact rock strengths (borehole depth = 1.4 m).
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The numerical analysis results show that the maximum borehole spacing values for all three types of intact rock using low modulus ratio were slightly less than the typically used values of borehole spacing. However, in the cases of average modulus ratio and high modulus ratio, much greater values of maximum borehole spacing are proposed to be used in all types of intact rock as compared to the typically used values. The maximum borehole spacing tends to decrease with the increase in UCS value of intact rock because the crack formation due to the counter-wedge pressure on the borehole walls becomes easier as the strength of intact rock decreases, since the in-situ stresses are not involved in the modeling process. Whereas, the maximum borehole spacing increases with the increase in modulus ratio due to the brittleness of rock because the increase in Young’s modulus of intact rock increases the strain energy stored in it which results in the brittle nature of rock.



Furthermore, the breakout zones formed in all of the three intact rock types were also investigated by decreasing the depth of drilled boreholes. As shown in Figure 14a–c, respectively, the borehole depth values of 1.4, 1.3 and 1.2 m were simulated in order to investigate the maximum borehole spacing for all cases of modulus ratio in soft, normal, and hard rock using the splitting width of 20 mm. The maximum values of borehole spacing in all three types of intact rock obtained by using the borehole depth values of 1.4, 1.3 and 1.2 m were recorded and the results obtained by using low modulus ratio, average modulus ratio, and high modulus ratio are presented separately in Figure 15, Figure 16 and Figure 17, respectively.


Figure 14. Rock splitting model using constant borehole spacing (0.7 m) with three different borehole depths, (a) borehole depth = 1.4 m; (b) borehole depth = 1.3 m; (c) borehole depth = 1.2 m.
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Figure 15. Effect of borehole depth on maximum borehole spacing values at different intact rock strengths (low modulus ratio).
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Figure 16. Effect of borehole depth on maximum borehole spacing values at different intact rock strengths (average modulus ratio).
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Figure 17. Effect of borehole depth on maximum borehole spacing values at different intact rock strengths (high modulus ratio).
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The effect of increase in modulus ratio was observed to be overall greater than that of decrease in UCS on the increase in maximum borehole spacing. Therefore, it is proposed to consider the effect of modulus ratio of intact rock during the selection of borehole spacing in any rock strength. The results obtained for low modulus ratio shows that decreasing the borehole depth has no effects on hard rock, whereas, increased borehole spacing values were obtained for both soft rock and normal rock when the borehole depth value was decreased up to 1.2 m. So in case of low modulus ratio, the borehole depth value of 1.2 m is proposed to be used in soft rock and normal rock for utilizing increased borehole spacing values as compared to those typically used. The results for the case of average modulus ratio generally suggest that by employing 1.2 m borehole depth, increased borehole spacing values can be used in soft rock, normal rock, and hard rock. So in case of average modulus ratio, it is proposed to use 1.2 m borehole depth in all three types of rock. The effect of decrease in borehole depth on the maximum borehole spacing results in case of high modulus ratio was observed to be less than the cases of other two modulus ratio, for all three types of rock because the maximum borehole spacing values were obtained to be same when borehole depths of 1.3 and 1.2 m were used. Based on this observation, it is proposed that either 1.3 or 1.2 m borehole depth values can be used in case of high modulus ratio for soft rock, normal rock, and hard rock in order to utilize increased borehole spacing.




5. Discussion


Non-vibrational rock splitting method is effectively being used in the construction industry for tunneling and various other purposes. Borehole spacing and borehole depth are some of the important parameters involved in this method that can remarkably affect the excavation process. The borehole spacing values typically used in the field are based only on the UCS values of rock and the modulus ratio of rock is not considered at all. Using two-dimensional DEM model in this study, feasible borehole spacing values are presented according to the combined effect of UCS and modulus ratio. Although a wide range of UCS and modulus ratio were used for the numerical analysis, but the results show a clear trend in which the borehole spacing values depend on both the UCS and modulus ratio of rock. Based on the results obtained in this study, it is proposed that the guidelines suggesting the maximum borehole spacing values in different kinds of rock should be based not only on the UCS but also the modulus ratio of rock. While some important factors like pre-existing joints and fractures, and in-situ stresses were not considered, yet the findings of this study can still be useful for the industry to optimize the rock-splitting process. The existing literature on this topic does not cover the important parameters like borehole spacing, borehole depth and modulus ratio concept, so the results produced in this study can be utilized as a base to investigate various other parameters involved in the non-vibrational rock splitting method.




6. Conclusions


In order to undergo economical and efficient excavation process by using the non-vibrational rock splitting method, the increase in borehole spacing values plays a great role. For this purpose, discrete element analysis of this method was performed using PFC2D code and feasible borehole spacing values to be used in different types of intact rock are proposed in this study. The concept of Representative Elementary Volume was used to simulate intact rocks based on their unconfined compressive strength and modulus ratio concept. The modulus ratio is defined as the ratio of Young’s modulus to unconfined compressive strength of intact rock. Based on unconfined compressive strength, the intact rock was classified into soft rock, normal rock, and hard rock and their respective UCS values were used as 50, 100 and 150 MPa. Based on modulus ratio concept, the three intact rock types were further classified into high modulus ratio (550:1), average modulus ratio (300:1), and low modulus ratio (150:1). Rock splitting models were prepared for different types of intact rock and maximum borehole spacing values were recorded in each case by performing rock splitting process using 20 mm splitting width and 1.4 m borehole depth. The numerical analysis results show that increased values of borehole spacing can be used for all rock types when the intact rock has average modulus ratio and high modulus ratio. The maximum borehole spacing results for low modulus ratio were obtained slightly less than the typically used values. Therefore, it is important to consider the modulus ratio of the intact rock when the non-vibrational rock splitting method is used for excavation purposes. Furthermore, numerical simulations were performed to analyze the effects of borehole depth on maximum borehole spacing in all types of intact rock. Three different borehole depths of 1.4 m, 1.3 m and 1.2 m were analyzed using splitting width of 20 mm. The results show that decreasing the borehole depth value in rock splitting process can generally be useful by resulting in the use of increased borehole spacing values for all types of intact rocks. This study is mainly based on the discrete element analysis of the rock splitting process and maximum borehole spacing values in different strengths of intact rock are proposed to be used in non-vibrational rock splitting method. However, the presence of joints and pre-existing fractures as well as the in-situ stresses need to be considered for the future studies. Furthermore, the numerical analysis results obtained in this study also need to be compared with the field testing results or physical model test results.
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