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Abstract

:

The need for large and fast excavations, together with noise and vibration limitations, means that mechanical removal is increasingly used rather than blasting. In mechanical removal, the cutting tools hit the rock and penetrate it, and then move in the direction of cutting, dragging and detaching a portion of rock called chip. Most research on mechanical removal approaches it as a static process without taking into account the speed at which the cutting element impacts the rock. This work presents the design of a pendulum equipment capable of simulating the impact of a cutting element, specifically a pick, against a rock, reproducing the removal in a similar way to how it is carried out in real excavations. Cutting tests are carried out with concrete samples with a cement/sand ratio of 1:1 and 3:1, the volume of material that is removed is calculated using a 3D scanner and images of the tests are collected with a high-speed video camera to facilitate the interpretation of the results. The results confirm the direct relationship between impact energy, chip size and cutting depth, prove the formation of an affected zone that allows to reduce the cutting energy, and empirically obtain the optimum cutting energy with which the maximum performance in mechanical removal would be achieved.
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1. Introduction


In the removal of materials, situations such as limitations due to vibrations and noise, the cost of special blasting, or the management of explosives, mean that mechanical removal methods are increasingly used instead of the use of explosives [1]. In this case, the material removal process is similar for all machines and consists of applying mechanical energy to the rock by means of a cutting tool that causes the formation of chips that are subsequently removed.



Although there are different mechanical cutting tools, most of them are made up of picks [2] and it can even be said that the diamond particles contained in the segments of a cutting disc or diamond wire are picks on a microscopic scale. The picks, unlike other cutting tools, break rock by moving parallel to the face surface, applying less force and energy to remove the same volume than other cutting tools.



Among all the variables used to analyse the productivity and performance of cutting operations with picks, two stand out: the cutting force that determines the good operating conditions of the cutting tool and the specific energy or work required to extract a unit volume of rock.



The cutting force depends on the mechanical characteristics of the rock as demonstrated by the works of Evans [3,4], Gotkan [5] and Nishimatsu [6] considered as the basis of cutting theory. But it also depends on other factors such as the cutting depth or the interaction between consecutive grooves [7,8,9].



The specific energy is a function of the mechanical properties of the rock [10], the cutting depth [11,12] or the spacing between picks [13,14,15].



Numerous studies have been carried out to predict the cutting performance as a function of some of these parameters [16]. These works are based on laboratory tests [17], empirical models [18], theoretical models and numerical modelling [19,20,21]. However, although cutting rock tests are the most reliable methods for determining the cutting force [22], acceptable conditions of representativeness are not always available to carry them out correctly, which, together with their cost and problems of scale, mean that theoretical and empirical methods are widely used.



In any case, despite the progress made over several decades, cutting very resistant rocks requires excessive specific energy and has very high pick wear rates. In this sense, several investigations have been carried out to improve performance through actions on the face to be excavated, such as the use of water jets in cutting [23,24,25], the application of chemical agents on the rock to reduce its resistance [26,27,28] or the pre-stressing of the rocks before the action of the picks [29].



Most of these investigations focus on the friction of a rock against a pick without taking into account the movement of this pick, neglecting the dynamic aspect of the cutting, i.e., the speed with which the pick impacts on the rock.



This work presents an equipment, designed and built by the Dinrock research group, capable of simulating the impact of a pick against a rock, using a pendulum system. In this way, it is possible to reproduce the cutting process at the most indivisible scale (the removal of a chip), facilitating the observation, measurement and search for phenomena that improve the efficiency of the removal of material.



In the methodology section, the cutting process is described, indicating the different phases that take place in the starting process, as well as the different forces that are generated in the picks. Next, the two prototypes designed to simulate the dynamic process of the picks hitting the element to be removed are described: an initial small-scale prototype and a final prototype developed from the first and on a larger scale. The tests carried out on the initial prototype on cylindrical samples of limestone with simple compressive strength of 65 MPa and on cylindrical samples of concrete with a cement/sand ratio of 3:1 demonstrate the relationship between variables involved in cutting, such as the minimum energy required to remove a chip, the cutting depth and the angle of impact of the pick. The tests carried out with the final prototype are performed with mortars with cement/sand (c/s) ratios of 1:1 and 3:1 in order to avoid the heterogeneity of the rocks that hinder the understanding of the process. These results confirm the aforementioned relationship, the existence of an affected zone and an optimum impact energy.



Next, the existence of such and optimum impact energy is discusses by means of tests on concrete samples with a c/s ratio of 1:1 are documented with a high-speed camera. Finally, the conclusions of the work are collected.




2. Methodology


2.1. Cutting Process


The cutting process consists of different phases, which result in the formation of chips and in the formation of crushed elements of very fine granulometry:




	
Phase 1. Crushed zone formation. When the indenter hits the rock, this deforms beyond its elasticity limit. As the load increases, a zone of crushed rock is formed between the contact surface of the rock and the indenter [30,31].



	
Phase 2. Chipping formation. After the formation of the crushed zone, the load continues to increase and one or more chips are formed due to the propagation of lateral cracks under the tip of the indenter to the surface [32,33].



	
Phase 3. Second chipping formation. Once the chipping has occurred and the load has been removed, the rock expands. An elastic reversion of the rock occurs, reaching a brittle fracture mechanism, with almost no plastic deformation, creating new micro-cracks that propagate rapidly causing breakage and detachment of new rock chips [34].








These phases produce three distinct zones under the tip of the pick (Figure 1):




	
A base zone of crushed material or crushed zone.



	
A damaged or plastic zone where the micro-cracks generated in the crushed zone begin to propagate.



	
An elastic zone of intact material.








In addition, when the pick penetrates the rock, three orthogonal forces appear at the tip of the pick (Figure 2):




	
A cutting force FC or main force, which generates the breakage and formation of the chips and acts in a parallel direction to the excavation face.



	
A normal force FN or force that maintains the pick at the desired cutting depth and acts in a perpendicular direction to the excavation face.



	
A lateral force FL or perpendicular force to the plane of the normal and cutting forces and which, due to its small magnitude compared to the rest of the forces, is considered to be depreciable.








As a general rule, it is known that the forces applied by the tool on the ground start to increase gradually as the pick penetrates the rock and moves through the direction of breakout. At the beginning of the cut, the normal force plays an important role, as it is applied to make the pick penetrate the rock; however, the cutting force becomes more important once the pick has already penetrated and the fragmentation process begins. The first phase is a dynamic process, whereas when the cutting force starts to act, it can be considered as a static process.




2.2. Initital Prototype


Most works dealing with the removal of rock by mechanical elements, in particular by picks, focus on the static phase of the process without taking into account the speed at which the cutting element impacts on the rock, which directly affects the formation of the crushed zone and the cutting depth, defined as the height between the point of impact of the pick and the upper face of the block (Figure 3).



With the aim of simulating the dynamic process, a first small-scale prototype is designed. It simulates the impact of a pick against a rock, using a pendulum system. In this way, it is possible to reproduce the cutting process at the most indivisible scale (the removal of a chip), facilitating the observation, measurement and search for phenomena that improve the efficiency of the process (Figure 4).



This prototype is used to carry out tests on cylindrical samples of limestone with simple compressive strength of 65 MPa and on cylindrical samples of concrete with a cement/sand ratio of 3:1 with a behaviour similar to that of rock, but without discontinuities that could falsify the results. The tests are carried out with cutting depths ranging from 0.5 to 2 cm and hitting angles of 45 and 90°.



The results of this campaign (Table 1) indicate that:




	
For each angle of fall, there is a limiting cutting depth above which no chips are obtained.



	
At the same angle of fall, the surface of the chip or the surface that the removed chip leaves on the tested sample, increases with the cutting depth.



	
In general, for the same cutting depth, the size of the surface of the removed chip increases with increasing energy. However, there is an optimum value above which energy is wasted, as an increase in energy does not imply an increase in chip size.








In other words, the minimum energy required to remove a chip depends only on the cutting depth and the angle of impact of the pick for the same homogeneous material.



In addition, in the samples tested, it is observed that, even if the chip is not removed, the impact zone is affected as a function of the impact energy, decreasing the energy required to remove it when the test is repeated at the same point.



These tests allow to identify those points that improve the performance of the prototype, such as:




	
Having a rigid structure to prevent oscillations of the arm during the pendulum movement.



	
Minimising frictional energy losses in order to correctly calculate the energy required to remove a chip.



	
Provide a sample holder to prevent movement and tipping of the sample on impact.



	
Measure the possible rebound of the pick to estimate the excess energy and thus accurately obtain the energy required to remove a chip.



	
Work with samples of decimetric size for the correct development of the chips and thus guarantee that the tests carried out on the same block are not affected by the adjacent tests (radius of affection of the damaged area).



	
Include a system of weights to increase the energy in those tests where the energy produced for the equipment is not enough to generate chips.









2.3. Final Prototype


Taking all these considerations into account, a new, larger-scale equipment is designed and built in steel, by the Dinrock research group in its laboratories located at the School of Mining, Energy and Materials Engineering of the University of Oviedo. With a width of 0.75 m and a height of 1.60 m, the equipment guarantees its stability during impact with a structure with four support points anchored to the ground and braced to each other (Figure 5).



Possible oscillations of the pendulum are eliminated by fixing its arm to the shaft of rotation. In addition, this shaft has bearings that facilitate movement and minimize friction (Figure 6).



A pick-holder is designed, which allows the pick to be easily exchanged for a new one or one with different characteristics. The pick is formed by a point of tungsten carbide inserted in a matrix of hardened steel. The pick-holder of hardened steel has a rotation system that allows the angle of impact to be varied from 0 to 90° with an interval of 10°, facilitating the performance of tests with different inclinations of the pick (Figure 7).



The pick holder is attached to the pendulum arm with a threaded rod that performs a triple function. On the one hand, it allows the rotation of the pick holder enabling oblique hittings on the rock. On the other hand, it supports by means of a simple system of nuts, the additional weights. Finally, the threaded rod allows to change the cutting depth. In this regard, it should be mentioned that the threaded rod has a thread pitch of 0.5 cm, so the cutting depth can be modified from 0.5 cm to 0.5 cm. Figure 8 shows the pick-holder, the threaded rod and the pendulum arm.



An electronic encoder, of the REV series and of the Italian brand Elap, is installed on the pendulum axis to correctly measure the starting angle of the pendulum movement and to determine the impact energy given by the Equation (1).


  E = m g b  (  1 − cos θ  )   



(1)




where E is the impact energy, m the hitting mass, g the acceleration of gravity, b the distance between the rotation axis and the center of the pick, and θ the starting angle.



A KS813 triaxial accelerometer from the German manufacturer METRA is also fitted to analyse the deceleration experienced at the moment of impact and the negative acceleration resulting from the backward rebound of the pick, and thus quantify the excess energy.



Both the encoder and accelerometer data are recorded in a DEWTRON data acquisition unit connected to a computer. A Motion Corder Analyzer Series SR high-speed video camera from Kodak is synchronised with the accelerometer and connected to the data acquisition unit to facilitate data interpretation. Finally, a Picza PIX-30 3D scanner from the Roland DG Corporation from Hamamatsu (Japan), is available to recreate in digital format the shape of the chips removed and to determine areas and volumes, and to calculate the specific energy or energy required to remove a given volume of rock.



With this prototype, material removal occurs in a similar way to how it is carried out in real excavations as opposed to most laboratory tests which are static, allowing:




	
Test samples of appropriate size, with dimensions that approximate the real working scale.



	
Modify the impact energy by varying the amplitude of the pendulum movement and the impacting mass.



	
Modify, in a simple way, the type of cutting tool to be used and its angle of attack, allowing the most appropriate ones to be defined for each type of rock.



	
Modify parameters such as impact speed and cutting depth in order to optimise the removal.








Once the construction of the new prototype is finished, concrete blocks of 21 L of volume are built and tested with different c/s ratios, 1:1 and 3:1.



Initially, 30 tests are carried out on samples with a c/s ratio of 1:1. In each test, the cutting depth (Hc), the impact energy (E), as well as the formation or non-formation of a chip are collected. In addition, if a chip is formed, the area of the footprint left in the block after the chip is removed (A), the energy required to remove a unit area (EA), the volume of the removed chip (V) and the specific energy or energy required to remove a unit volume (ES) are calculated.



The results (Table 2) show that, as in the tests carried out with the initial prototype, there is a direct relationship between impact energy, chip size and cutting depth. For the same cutting depth an increase in the impact energy produces an increase in the size of the chip. On the same way, for the same impact energy an increase in the cutting depth produces and increase in the size of the chip. In this case, as the cutting depth increases, the formation of chips requires more impact energy until a cutting depth is reached where there is not formation of chips regardless of the impact energy used. In other words, for each impact energy there is a range of cutting depths where no chips are obtained. Therefore, the maximum efficiency will be achieved by cutting at the upper limit of the range or, that is to say, for each cutting depth there is an optimum impact energy.



Figure 9 shows the specific energy versus the volume of material removed for each cutting depth. It is noticed that for each combination cutting depth/impact energy, the chips have similar volumes. Moreover, this volume increases when one of these values (cutting depth/impact energy) increases. Besides, the asymptotic distribution shown in the graph confirms the existence of an optimum specific energy for this material, from which it would be possible to know the cutting depth and the impact energy that should be used to obtain maximum performance.



Next, in order to analyse the influence that the strength of the material has on the removal of chips, 19 tests were carried out on mortar samples with a c/s ratio of 3:1. The results of these new tests are shown in Table 3, which clearly shows how an increase in the strength of the material causes a decrease in the limit cutting depth.



In this case, with small cutting depths (0.5 cm), the volumes removed are lower than those obtained in the first tests, while for cutting depths of 1 cm the volumes removed are similar to those obtained in the first tests (Figure 10). Furthermore, there is no material removal for cutting depths greater than 1 cm.



Finally, the influence that tests close in space can have on each other is analysed. For this purpose, hitting tests are carried out in an area close to first tests where no chips have been obtained. The Table 4 and the Figure 11, show two of the tests. They show that the test only a few centimetres away from other causes the two test areas to break. Therefore, there is an affected zone in the block after the impact of the pick even though no material has been removed, which has to be taken into account when optimising the cut in an excavation.





3. Discussion


The asymptotic distribution of the specific energy versus the volume removed for different cutting depths proves the existence of an optimum removal energy where the surplus of energy once the material is removed is minimal because all the energy is used to remove the chip, with no rebound of the pick and without the material removed being displaced from the site. For its empirical calculation, several tests were recorded with a high-speed camera. The tests were carried out on 21 l samples with a c/s ratio of 1:1, a cutting depth of 1 cm. The Table 5 shows two of the tests carried out.



In the first test, with an impact energy of 30 J, a deformation of the material occurs but no cutting occurs, not even in the rebound of the pick (Figure 12). However, the chip is sufficiently formed that it can be removed by hand after the test. Therefore, it can be said that this is a situation very close to the ideal one.



In the second test, with an impact energy of 34.1 J, it is the rebound of the pick after the first impact that cuts the chip (Figure 13). Therefore, one small surplus of energy produces the removal of the chip.



If the average value of the volume removed and the specific energy resulting from these tests is represented in the volume-specific energy graph, obtained with the first tests carried out with the same c/s ratio of 1:1 and similar cutting depth of 1 cm (Figure 14), it can be seen that the value obtained is lower than the previous tests, so the first tests were carried out with more energy than necessary.



On the other hand, the fact that this value is above the asymptotic part of the curve which, theoretically, marks the optimum energy value, seems to corroborate Barker’s hypothesis [14]: the specific energy required to remove a given volume of chip decreases with increasing the cutting depth. This is because the increase of cutting depth causes the volume affected by the impact energy to be greater, leading to increased energy efficiency. However, there are other factors such as the dynamic effect or speed of load application, or the way the energy is applied.




4. Conclusions


The DinRock research group at the University of Oviedo has designed and built an equipment that simulates the dynamic effect of material removal hitting a pick against a rock. The equipment uses a pendulum system that allows to change the impact energy with the objective of testing different energies and dynamicities.



From the tests carried out, it is possible to say that:




	
For each cutting depth there is an impact energy, above which energy is wasted.



	
For each material tested, there is an optimum energy that defines the cutting depth and the impact energy for maximum cutting performance.



	
The presence of discontinuities in the material to be removed influences the cutting process depending on their orientation with respect to the direction of impact.



	
It is necessary analyse other parameters as the angle of impact of the pick or the influence of the properties of the material to be removed, but also the influence of the speed of the pick in the size of the chip removed.
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Figure 1. Zones formed by the impact of a pick on the rock. 
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Figure 2. Forces acting on a pick. (a) Side view. (b) Front view. 
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Figure 3. Calculation of the cutting depth as a function of the impact point of the pick on the material. 
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Figure 4. Initial prototype and pick employed. 
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Figure 5. Final prototype. 
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Figure 6. Shaft of rotation. 
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Figure 7. Pick-holder. 
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Figure 8. Pick-holder, threaded rod and pendulum arm. 






Figure 8. Pick-holder, threaded rod and pendulum arm.



[image: Energies 14 06831 g008]







[image: Energies 14 06831 g009 550] 





Figure 9. Specific energy as a function of volume removed in samples with c/s ratio 1:1. 
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Figure 10. Specific energy as a function of volume removed in samples with a c/s ratio of 3:1. 






Figure 10. Specific energy as a function of volume removed in samples with a c/s ratio of 3:1.



[image: Energies 14 06831 g010]







[image: Energies 14 06831 g011 550] 





Figure 11. Influence of the affected zone. (a) Impact point of the first test. (b) Material removed after the second test. 
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Figure 12. Test 1: Impact energy of 30 J. 1. Approximation of the pick to the test sample. 2. Hitting of the pick on the test sample. 3. Distance of the pick from the test sample. 4. Deformation of the test sample. 
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Figure 13. Test 2. Impact energy of 34.1 J. 1. First impact of the pick on the test sample. 2. Distance of the pick from the test sample. 3. Approximation of the pick to the test sample in the rebound. 4. Second impact of the pick on the test sample. 5. Deformation of the test sample and creation of the chip. 6. Distance of the pick from the test sample after the second impact. 
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Figure 14. Calculation of optimum energy in concretes with a c/s ratio of 1:1. 
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Table 1. Summary of the tests carried out with the initial prototype. (The precision of the measures is of the order of 0.1 cm for the cutting depth, 0.5° for the angle, and 25 mm2 for the chip surface).






Table 1. Summary of the tests carried out with the initial prototype. (The precision of the measures is of the order of 0.1 cm for the cutting depth, 0.5° for the angle, and 25 mm2 for the chip surface).












	Test
	Cutting Depth (cm)
	Angle (°)
	Chip
	Chip Surface (mm2)





	1
	0.5
	45
	Yes
	252.8



	2
	0.5
	45
	Yes
	560.7



	3
	0.5
	45
	Yes
	384.7



	4
	0.5
	90
	Yes
	835.1



	5
	0.5
	90
	Yes
	913.3



	6
	0.5
	90
	Yes
	615.4



	7
	1
	45
	No
	



	8
	1
	45
	No
	



	9
	1
	45
	No
	



	10
	1
	90
	Yes
	1449.6



	11
	1
	90
	Yes
	1166.9



	12
	1
	90
	Yes
	1069.9



	13
	1.5
	45
	No
	



	14
	1.5
	45
	No
	



	15
	1.5
	45
	No
	



	16
	1.5
	90
	Yes
	2307.9



	17
	1.5
	90
	Yes
	2330.5



	18
	1.5
	90
	Yes
	2419.1



	19
	2
	45
	No
	



	20
	2
	45
	No
	



	21
	2
	45
	No
	



	22
	2
	90
	No
	



	23
	2
	90
	No
	



	24
	2
	90
	No
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Table 2. Summary of tests on samples with a c/s ratio of 1:1. (The precision of the measures is of the order of 0.5° for θ and 0.1 cm for HC. Besides, the precision of the scanner 3D is 5 mm).






Table 2. Summary of tests on samples with a c/s ratio of 1:1. (The precision of the measures is of the order of 0.5° for θ and 0.1 cm for HC. Besides, the precision of the scanner 3D is 5 mm).
















	Test
	θ

(°)
	Hc

(cm)
	E

(J)
	Chip
	A

(mm2)
	EA

(J/cm2)
	V

(mm3)
	ES

(J/cm3)





	1
	20
	0.5
	35.5
	Yes
	383.3
	9.3
	423.6
	83.8



	2
	20
	0.5
	35.5
	Yes
	319.1
	11.1
	440.8
	80.7



	3
	20
	0.5
	35.5
	Yes
	349.1
	10.2
	457.9
	77.5



	4
	40
	0.5
	71
	Yes
	729.4
	9.7
	1437.3
	49.4



	5
	40
	0.5
	71
	Yes
	724.8
	9.8
	1434.2
	49.5



	6
	40
	0.5
	71
	Yes
	753.1
	9.4
	1448.8
	49



	7
	20
	1
	35.5
	Yes
	741.6
	4.8
	1407.8
	25.2



	8
	20
	1
	35.5
	Yes
	730.3
	4.9
	1450
	24.5



	9
	20
	1
	35.5
	Yes
	705.6
	5.0
	1536.4
	23.1



	10
	40
	1
	71
	Yes
	992
	7.2
	1119.9
	63.4



	11
	40
	1
	71
	Yes
	964.4
	7.4
	1162.8
	61.1



	12
	40
	1
	71
	Yes
	952.4
	7.5
	1143.9
	62.1



	13
	20
	1.5
	35.5
	No
	
	
	
	



	14
	20
	1.5
	35.5
	No
	
	
	
	



	15
	20
	1.5
	35.5
	No
	
	
	
	



	16
	35
	1.5
	64.2
	Yes
	1789.5
	3.6
	5446.3
	11.8



	17
	35
	1.5
	64.2
	Yes
	1899.4
	3.4
	5765.9
	11.1



	18
	35
	1.5
	64.2
	Yes
	2104.8
	3
	4906.7
	13.1



	19
	40
	1.5
	71
	No
	
	
	
	



	20
	40
	1.5
	71
	Yes
	3199.6
	2.2
	12,610.7
	5.6



	21
	40
	1.5
	71
	No
	
	
	
	



	22
	20
	2
	35.5
	No
	
	
	
	



	23
	20
	2
	35.5
	No
	
	
	
	



	24
	20
	2
	35.5
	No
	
	
	
	



	25
	35
	2
	64.2
	Yes
	3600.5
	1.8
	16,750
	3.8



	26
	35
	2
	64.2
	Yes
	3500
	1.8
	16,550.3
	3.9



	27
	35
	2
	64.2
	Yes
	3550
	1.8
	16,650.7
	3.9



	28
	40
	2
	71
	No
	
	
	
	



	29
	40
	2
	71
	No
	
	
	
	



	30
	40
	2
	71
	No
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Table 3. Summary of tests on samples with a c/s ratio of 3:1. (The precision of the measures is of the order of 0.5° for θ and 0.1 cm for HC. Besides, the precision of the scanner 3D is 5 mm).






Table 3. Summary of tests on samples with a c/s ratio of 3:1. (The precision of the measures is of the order of 0.5° for θ and 0.1 cm for HC. Besides, the precision of the scanner 3D is 5 mm).
















	Test
	θ

(°)
	Hc

(cm)
	E

(J)
	Chip
	A

(mm2)
	EA

(J/cm2)
	V

(mm3)
	ES

(J/cm3)





	1
	20
	0.5
	35.5
	Yes
	464.9
	7.6
	623.1
	57.0



	2
	20
	0.5
	35.5
	Yes
	397.2
	8.9
	519.3
	68.3



	3
	20
	0.5
	35.5
	No
	
	
	
	



	4
	20
	0.5
	35.5
	Yes
	1051.8
	3.4
	1479.5
	24.0



	5
	20
	0.5
	35.5
	No
	
	
	
	



	6
	25
	0.5
	36.9
	Yes
	275.4
	13.4
	282.1
	130.7



	7
	25
	0.5
	36.9
	Yes
	298.4
	12.4
	358.5
	102.8



	8
	25
	0.5
	36.9
	Yes
	441.0
	8.4
	502.8
	73.3



	9
	40
	0.5
	71.0
	Yes
	559.0
	12.7
	649.0
	109.4



	10
	45
	0.5
	72.4
	Yes
	702.9
	10.3
	1104.4
	65.5



	11
	20
	1
	35.5
	Yes
	1276.4
	2.8
	2161.0
	16.4



	12
	20
	1
	35.5
	Yes
	1027.0
	3.5
	2202.1
	16.1



	13
	20
	1
	35.5
	Yes
	1700.5
	2.1
	4035.7
	8.8



	14
	40
	1
	71.0
	Yes
	1172.3
	6.1
	1960.2
	36.2



	15
	40
	1
	71.0
	Yes
	1184.5
	6.0
	1715.3
	41.4



	16
	45
	1
	72.4
	Yes
	1546.9
	4.6
	2901.5
	24.7



	17
	45
	1
	72.4
	Yes
	1372.0
	5.2
	2967.7
	24.2



	18
	45
	1
	72.4
	Yes
	1189.7
	6.1
	2176.3
	33.2



	19
	45
	1
	72.4
	Yes
	1183.4
	6.1
	1994.0
	36.3
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Table 4. Summary of the results of the test of the affected zone. (The precision of the measures is of the order of 0.5° for θ and 0.1 cm for HC. Besides, the precision of the scanner 3D is 5 mm).






Table 4. Summary of the results of the test of the affected zone. (The precision of the measures is of the order of 0.5° for θ and 0.1 cm for HC. Besides, the precision of the scanner 3D is 5 mm).














	Test
	θ

(°)
	Hc

(cm)
	E

(J)
	Chip
	A

(mm2)
	EA

(J/cm2)





	1
	40
	1
	71
	No
	
	



	2
	40
	1
	71
	Yes
	4674.3
	1.5
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Table 5. Summary of optimum energy calculation tests. (The precision of the measures is of 0.5° for θ, and 5 mm for the scanner).






Table 5. Summary of optimum energy calculation tests. (The precision of the measures is of 0.5° for θ, and 5 mm for the scanner).





	Test
	θ

(°)
	E

(J)
	Chip
	A

(mm2)
	EA

(J/cm2)
	V

(mm3)
	ES

(J/cm3)
	Observations





	1
	10
	30
	Yes
	1098.1
	2.9
	2606.5
	12.0
	Nearly formed- Hand raised



	2
	15
	34.1
	Yes
	1108.0
	3.0
	2223.7
	14.7
	Remained in place
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