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Abstract

:

By increasing the effectiveness of the energy generated by the explosive charge inserted into a blast hole, stemming increases rock fragmentation. Missing or improper stemming, which can lead to the detonation gas escaping from the blast hole in advance, results not only in the waste of explosive energy and poor fragmentation but also in environmental problems, such as ground vibration, noise, flying rocks, back breaks, and air blasts. In this study, a stemming material based on a shear thickening fluid (STF) that reacts to dynamic pressure was developed. Two blasting experiments were conducted to verify the performance of the STF-based stemming material. In the first experiment, the pressure inside the blast hole was directly measured based on the application of the stemming material. In the second experiment, full-scale bench blasting was performed, and the blasting results of sand stemming and the STF-based stemming cases were compared. The measurement results of the pressure in the blast hole showed that when the STF-based stemming material was applied, the pressure at the top of the blast hole was lower than in the sand stemming case, and the stemming ejection was also lower. Full-scale bench blasting was conducted to compare the two types of stemming materials by evaluating the size of the rock fragments using image processing. The results of the two blasting experiments helped to verify that the blockage performance of the STF-based stemming material in the blast hole was superior to that of the sand stemming material.
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1. Introduction


Stemming is a process applied to blast holes to prevent gases from escaping during detonation. A stemming material helps confine the explosive energy for a longer duration. Without stemming, up to 50% of the explosive energy can escape through the borehole [1]. Proper stemming has been shown to improve explosive efficiency by over 41% [2]. Further, employing even the least efficient stemming materials can boost the usable energy of an explosion by 60%, while the most efficient stemming materials can increase it by up to 93% [3].



Missing or improper stemming, which can lead to the detonation gas escaping from the blast hole in advance, results not only in the waste of explosive energy and poor rock fragmentation but also in environmental problems, such as ground vibration, noise, flying rocks, back breaks, and air blasts [4].



Smaller amounts of explosives may be used to produce the same blasting effects if explosive energy was used more effectively [5,6]. Improvements in fragmentation will result in lower second breaking work costs. Proper stemming can reduce costs and improve the productivity and profitability of a mining operation. The main objective of rock-blasting is fragmentation by explosive. The loading and hauling operations of a mining operation, particularly the crushing line, profit greatly from good fragmentation [7]. Additionally, cracks are generated over a larger area in the rock mass using proper stemming. These cracks propagate, interconnect, and cut the rock mass; thus, the block size and distribution after blasting satisfy the construction or mining requirements. Therefore, reasonably selecting the stemming material is of particular importance for improving the blasting effect, increasing the efficiency of explosives, and obtaining ideal blasting fragmentation.



In the mining industry, blast holes are sealed with three different sorts of stemming materials: colloidal, liquid, and solid. Additional research on the performance of stemming materials is required. Li et al. [8] used a water stemming technique that involves putting water-filled polyvinyl plastic bags within blast holes. A water-silt composite-stemmed blasting method for tunnels was proposed [9] to increase rock breakage, reduce dust, and use fewer explosives.



In most cases, using fluid-type stemming inside a blast hole as a stemming material produced good results. Fluid has a higher density than air, and even at extremely high pressures, the compression of water is significantly lower than that of air [10].



Under dynamic loading, Zhu et al. [11] performed an AUTODYN numerical analysis using a variety of stemming materials, such as fluid (water), sand, and air, placed in the area between the internal explosives and the hollow wall inside the blast hole. The water stemming case, which was also the best medium for shockwave transmission, produced the largest fracture area. Additionally, the presence of fluid (water), which results in the deformation and displacement of the rock, causes the shock wave to reflect and bubble pulse, which contributes to the high stress exerted during this process.



The most effective method to evaluate the stemming effect is to conduct field experiments. A stemming performance test of a small-scale model was developed, and the results showed that different stemming materials have different functionalities, which can significantly influence the efficiency of rock breaking [12].



Kopp [13] suggested a simple physical model for predicting the time required to eject stemming. This model depends only on the inertia of the stemming material. The frictional forces that resist the movement were omitted. The stemming performance of the stemming material can be evaluated using the initial ejection velocity of the stemming part at the entrance of the blast hole [14].



The momentum of the stemming structure based on the explosive load can be calculated using the mass of the stemming structure and the initial velocity of the stemming part when the stemming is ejected into the orifice.



As a highly capable method in the mining industry, image analysis techniques have been used to predict rock fragmentation by blasting. These techniques are capable of visual processing, thereby serving as an appropriate alternative to low-accuracy methods [15]. Over the past few decades, various image analysis software packages, such as Split-Online, Split-desktop, Gold-Size, and Wip-Frag, have been developed, and their applications in the mining industry and mineral processing have been reported. The main advantages of these software packages are their integration and lack of disruption [16].



The specific charge is mainly used as an indicator to predict the blasting effect, but the amount of powder used per unit volume of crushed rock cannot properly reflect the influence of energy change in the blasting hole; therefore, the pressure in the blasting hole must be estimated and used to understand this [17]. However, the blasting pressure has relied on calculations rather than direct measurement. Recently, the blasting pressure has been estimated through a numerical analysis approach, but it is difficult to predict the explosion reaction of explosives acting on rocks, an anisotropic material. Therefore, the concepts of abnormal explosion and ideal sealing are used to calculate the pressure in the blast hole, assuming that there is no external influence [18]. Therefore, field experiments are being conducted to directly measure the pressure in the blast hole. However, the pressure probe used is very expensive, and the sensor is only used once because of the extreme conditions generated by the blast, thereby requiring a significant financial investment. Therefore, in most cases, a pressure measurement sensor is inserted into the dummy hole, and the blasting pressure is indirectly measured based on the impact pressure propagated through the rock [19].



In recent years, a new intelligent material named shear thickening fluid (STF) has been widely used in energy absorption research [20,21,22,23,24,25]. STF exhibits an intense viscosity jump under shock load; as a result, it has been used in various applications, such as liquid body armor [26]. However, limited research on the application of STF for industrial blasting or as a stemming material is currently available.



In this study, a shock-reactive stemming material was developed that behaves similar to water in terms of shockwave propagation and has a high shear strength for dynamic shocks. The STF is characterized by its reversible energy absorption behavior under impulse loading. Its remarkable energy absorption capacity is attributed to viscous dissipation during shear and compression thickening. The STF-based stemming material was developed based on the following advantages. (1) STF has excellent sealing properties as it is a fluid-based material. (2) Its viscosity rapidly changes because of external shock, while material compaction or deformation is minimal with respect to the dynamic gas pressure in the blast hole. (3) Using starch as the main base material reduces costs.



Two blasting experiments were conducted to compare and contrast the blast effects of the developed stemming material and those of commonly used blasting stemming materials. The first is an experiment in which the blast hole pressure and stemming ejection are directly measured, and the second is an experiment to verify the stemming performance by analyzing the assessment of rock fragmentation through a full-scale blasting experiment.




2. Materials and Methods


2.1. STF-Based Stemming Material Rheology Tests


A dense colloidal dispersion of solid nanoparticles in a carrier fluid is known as an STF [27]. When a shear force is applied, the random distribution of particles in the dispersion initially emerges in an ordered fashion because the hydrodynamic forces are greater than the repulsive forces operating between the interstitial gaps the particles have generated. The order–disorder theory, put forth by Hoffmann in 1972 [28], is represented by this arrangement of particles. Large hydrodynamic forces tend to push out the fluid between the interstitial spaces with rising shear rates, leading to the production of hydroclusters. The hydroclustering mechanism proposed by Brady and Bossis in 1985 is comprised of this phenomenon [29]. These clusters are stress-bearing elements that lead to particle jamming, when additional shearing pressures are applied.



STFs behave by increasing the dynamic viscosity under the application of shear stress. When tightly packed particles combine with enough liquid to cover the spaces between the particles, dilatancy occurs. The fluid serves as a lubricant at low speeds, facilitating easy movement of the dilatant substance.



Because of the increased friction caused by the inability of the liquid to fill the gaps left by the particles at greater velocities, the viscosity also increases. The STF is also non-Newtonian in nature because its viscosity depends on the shear rate or shear rate history. This behavior is a type of deviation from Newton’s law and is controlled by factors, such as particle size, shape, and distribution. Empirical studies have also shown that shear thickening effects vary with different particles and additive concentrations, as well as with the molecular chain of the additives [30].



Shear thickening is a reversible phenomenon governed by a power law model. Generally, a non-Newtonian fluid is described using the power law model expressed in Equations (1) and (2).


  τ = K   (    ∂ μ   ∂ y    )  n  =   K    γ   n  = τ = K    γ    n − 1        γ    1       ,   τ =  μ  a p p a r e n t    γ  ,      



(1)






   μ  a p p a r e n t   = K    γ    n − 1      



(2)




where  τ  is the shear stress exerted by the fluid,  K  is the fluid viscosity,  μ  is the shear deformation, y is the distance from the reference layer,     ∂ μ   ∂ y     is the strain rate,  n  is the flow behavior index, and    μ  a p p a r e n t     is the apparent viscosity.



As shown in Figure 1, the fluid behaves as a Newtonian fluid at n = 1 and exhibits shear thinning properties when 0 < n < 1. Moreover, several dispersions and liquid polymers exhibit shear thinning behavior for n values between 0.3 and 0.7. However, this depends on the particle concentration and molecular weight of the carrier fluid.



The shear thickening effect of STF is demonstrated by the lower rate of increase in the shear stress in the low-shear-strain-rate regions and a higher rate of increase in the high-shear-strain-rate regions (Figure 1). Figure 1 also depicts the relationship between the shear stress and shear strain rate of the STF. The potential of a STF to improve the effectiveness of body armor against ballistic impacts and stab resistance has been thoroughly researched [31,32]. Further research is necessary, nevertheless, to fully understand the potential impact of STF on the stemming of blast holes. The motivation of this study is to harness the strength of the STF through flexible deployment and relatively easy stemming, which can help dissipate pressure wave loading around the rock mass during an explosion. The rheological behavior of the non-Newtonian fluid was measured using a rheometer.



In this study, the STF-based stemming material was mainly based on corn starch, while xanthan gum and guar gum were blended to increase the viscosity. Sodium benzoate was used to prevent the putrefaction of starch, and nitroglycol and salt were added to prevent freezing in winter.



The STF samples were sandwiched between a cone plate and the foundation support of a rheometer (Anton-Paar MCR301 rheometer) for rheological experiments. During the studies, the shear rate applied to the sample was increased from 0 to 100 s−1, and all of the tests were carried out at a temperature of 25 °C.



A schematic of the rheometer and the results of the rheological tests conducted on the STF-based stemming material are shown in Figure 2 and Figure 3. The rheology tests were performed on the STF samples of 30, 45, and 55 wt.% corn starch suspensions. In the case of the 30 wt.% corn starch suspension, no significant shear thickening is observed. However, as the starch content increases, the particle content exceeds the ratio of the dispersion medium; therefore, the distance between the corn starch particles decreases, and the shear thickening effect increases. For the sample made up of 55 wt.%, a shear thickening effect is attained at a critical shear rate of 85 s–1. The STF initially experiences marginal shear thinning, which then grows with the shear rate. In particular, the viscosity of the STF suddenly increases as the shear rate reaches a critical value, indicating a shear thickening phenomenon. However, the viscosity of the STFs sharply decreases after a period of shear thickening. The critical shear rate of the STF sample is approximately 85 s−1, and the maximum viscosity of the STF samples is 543 Pa.



The STF-based stemming material image and package products are shown in Figure 4. The hammer recoils upon impact with the STF suspension surface, similar to hitting a true solid interface. It is a suspension of starch powder with a diameter range of 5–20 µm in water. The STF was created using a mixture of mechanical and ultrasonic mixing at a concentration of 55 wt.%. This weight percentage was chosen to preserve a viable solution, while ensuring the shear thickening tendency [33]. According to previous experimental results [34] for 52.5–55 wt.% corn starch, after the impact of rock falling on the suspension surface, the rock recoiled, similar to hitting a true solid interface.




2.2. Overview of the Blast Hole Pressure Measurements


In blasting, stemming constrains the blasting pressure in the blasting hole, leads to crack propagation through the behavior inside the blasting hole under the explosive pressure, and ultimately plays an important role in crushing the rock. Therefore, the behavior and control of the explosive pressure acting on the blast hole are important for effective blasting.



Laboratory- and field-scale experiments were conducted to measure the pressure inside the blast hole. However, because the sensor that measures the pressure inside the blast hole is expensive, there is a risk of failure owing to a strong impact. Therefore, the explosive pressure is measured using a one-time polyvinylidene fluoride (PVDF) sensor [35] or by drilling a dummy hole [36].



In this study, instead of using a one-time sensor or drilling a dummy hole to measure the pressure inside the blast hole, nylon tubes and water pressure measurement sensors that can be used multiple times were employed. Thus, the pressure generated by blasting was measured in the blasting hole without sensor damage or additional drilling.




2.3. Assessment for Rock Fragmentation of Bench Blasting


In this study, full-scale bench blasting was performed for each stemming material (sand or STF), and an image-based blast fragmentation method was applied to compare and evaluate the performance of each stemming material.



Sieving or screening is a direct and accurate method for evaluating the size distribution of particles or their fragmentation. This method is feasible for small-scale blasts or operations; however, it is costly and time-consuming. Rock fragments are screened through sieves of different mesh numbers for different fragment sizes, and the screened fragments are grouped based on their size. The nature of the blast was predicted by counting the number of fragments of each size [37].



WipFrag is an image analysis system for sizing materials, such as blasted or crushed rocks [38]. It has also been used to measure other materials, such as ammonium nitrate prills, glass beads, and zinc concentrates. WipFrag accepts images from a variety of sources, such as roving camcorders, fixed cameras, images, or digital files. It uses automatic algorithms to identify individual blocks and to create an outline “net” using state-of-the-art edge detection. If desired or necessary, manual intervention (editing the image net) can be performed to improve the fidelity. WipFrag measures a 2D net and reconstructs a 3D distribution using the principles of geometric probability. WipFrag supports two methods: Rossin Rammler and Swebrec. Two parameters were used by Rammler as key performance indicators (KPIs);    X c   , known as the characteristic size of the distribution and more specifically D63.2, and  n , the value of which is the measure of uniformity [39]. Analyzing every fragment in the rock muck pile is fortunately not necessary because it is widely accepted that the mass percentage of fragments smaller than any given size varies linearly with the fragment size when plotted in the Rosin–Rammler domain. By measuring only a sufficient number of particles, the slope and intercept of the Rosin–Rammler line can be confidently defined [40]. A Rosin–Rammler line can be expressed as in Equation (3).


  R  X  = 1 − exp   −      X   X c       n     



(3)







Here,




	
  R  X  =   Cumulative fraction by weight undersize in relation to size x.



	
   X c    = Size modulus, which defines the characteristic size of the distribution.



	
 n  = Distribution modulus, which defines the spread of the distribution.








For   R  X    = 0.5 (i.e., 50% of the fragments passing through the sieve), the value of    X c    can be measured as follows:


   X c  =    X  50       0.693   1 / n      



(4)









3. Blast Hole Pressure Measurement Experiment


3.1. Explosion Pressure Sensor Calibration


In this study, it was necessary to calibrate the pressure sensor to measure the explosive pressure inside the blast hole. Therefore, prior to this experiment, explosive pressure sensor calibration using water pressure was performed. The explosive pressure sensor was calibrated under the same installation conditions as those of the blasting site.



Calibration of the explosion pressure sensor was performed by filling the nylon tube connected to the explosion pressure sensor with water, connecting it with a water pump, and pressurizing the pressure port of the explosion pressure sensor under the conditions of 0 MPa, 25 MPa, and 50 Mpa three times each. The average and standard deviation of the results for three calibration tests was 0.984 (±0.0033) Voltage at 0 MPa, 2.98 (±0.0082) Voltage at 25 MPa, and 4.98 Voltage (±0.0144) at 50 MPa. In addition, Nonlinearity was 0.137% FS (Full Scale), and Accuracy was 0.86% FS. The results of the experiments performed are specified in Table 1, and the Voltage to pressure (MPa) correction equation is shown in Figure 5.




3.2. Blast Hole Pressure Measurement System


The purpose of the experiment was to measure the explosion pressure in a blast hole for each string material and to evaluate the pressure resistance of the stemming material. Conventional sand and STF-based stemming materials were applied to evaluate their resistance capability under explosive pressure. Figure 6 shows the shape of each stemming material.



To measure the explosive pressure data from the blast hole, a pressure meter with cerabar (PMC) model of manufacturer Sensys capable of instantaneous dynamic shock pressure measurement was applied, and the MREL’s MicroTrap was used to collect the data and set the detonation time trigger. The hydraulic shock pressure sensor had a pressure measurement range of 0–50 MPa. To measure the explosive pressure in the blast hole, the sensor was connected to a nylon tube filled with water using a coupling connector, placed in a water tube. To measure the explosive pressure in the blast hole, the sensor was connected to a nylon tube filled with water using a coupling connector, placed in a water tube. An explosive pressure-measuring device through hydraulic pressure was manufactured. Additionally, the manufactured water tube was protected with an industrial hose made of piezoelectric material to prevent damage when inserted into the blasting hole. Figure 7 shows the measuring tool applied to the blast pressure measuring system in the blast hole through hydraulic pressure. To collect the corresponding explosive pressure data as a time history at the same time as detonation using MicroTrap, a trigger line was attached to the explosion in the blast hole, and the break circuit trigger method was applied in which the connection signal was cut by the detonation of the explosive, and the measurement was finally started.



The length of the blast holes drilled for measuring the impact pressure of the stemming material was 3.2 m, and the explosives charge length was 1 m. The emulsion series Newmite Plus 1 (Φ50 mm, 2.5 kg) manufactured by Hanhwa with an explosion speed of 5700 m/s were applied to the experiment. On top of the explosive, a test stemming material (sand or STF) of 0.6 m was applied; a 0.5 m water tube was inserted to measure the pressure caused by the explosion as the water pressure; and in the 1.1 m remaining at the top of the blast hole, general sand stemming was inserted. Figure 8 shows a schematic of the blast hole measurement system.




3.3. Experimental Results


In this experiment, a hydraulic explosive pressure propagation data measurement system was used to measure the pressure in the blast hole, and a comparative analysis was conducted on the blasting pressure behavior of the sand- and STF-based stemming materials. Table 2 presents the results of the blast hole pressure measurements.



The pressure in the blasting hole is 5.84 MPa for the sand stemming material and 2.80 MPa for the STF-based stemming material. Further, the blasting pressure by sand is two times higher than by STF-based stemming material. This is the pressure transferred to the water tube located above the test stemming material; therefore, a lower measured pressure value means that the loss of explosive pressure in the blast hole due to stemming transfer is lower.



The time taken from detonation to explosion pressure transfer is 12.24 ms in the sand stemming material and 31.82 ms in the STF-based stemming material; the measured value is significantly lower than that of the sand stemming material. This is the explosive pressure transfer time from the lower part of the blasting hole to the upper part of the blasting hole for the explosive detonation of the stemming material. Thus, the longer the measured explosive pressure delay time, the better the ejection resistance. In addition, the duration of the explosive pressure in the blast hole is 16.82 ms when using the sand stemming material and 21.81 ms when using the STF-based stemming material, an improvement of approximately 5 ms. This implies that the explosive pressure acted longer inside the blast hole, as long as the duration of the explosive pressure. Figure 9 shows the time-pressure hysteresis curve inside the blast hole.





4. Full-Scale Blasting Experiment


4.1. Bench Blasting


The aggregate production step comprises blasting, a vibration feeder, a primary crusher, a secondary crusher, belt conveyors, and vibrating screens. The feed size of the jaw crusher operating in the A-aggregate mine requires a rock fragment size of at least 1000 mm or less. Therefore, to input the jaw crusher for primary crushing, it is necessary to perform secondary work on fragments by hydraulic rock breakers after blasting the rock, which incurs additional costs. Approximately $25,000 US dollars per month are required to operate large hydraulic rock breakers, and mine A has ten of such equipment. Figure 10 shows the bench blasting design applied to aggregate mine A, and the blasting results are compared by applying sand and STF-based stemming materials to each different bench part. Table 3 lists the main parameters of the full-scale bench blasting experiment. In the blasting experiment, the STF-based stemming was applied to the left part, and general sand stemming was applied to the right part.



The properties of the rock mass condition can have a significant influence on the fragmentation outcomes of the blast. Rock properties, such as compressive strength, porosity, Young’s modulus, Poisson’s ratio, and rock fracturing and jointing, can all influence fragmentation. In this experiment, by performing blasting at the same experimental area, the variation in results due to the rock mass condition difference was reduced as much as possible. The type of rock in this quarry mine is gneiss, and the uniaxial compressive strength is approximately 130–160 MPa. The rock density is approximately 2.6 g/cm3, and the porosity is less than 0.15%. As shown in Figure 11a, a bench slope with a discontinuity direction and similar region was selected as the experimental site. The spacing of the discontinuities was observed to be approximately 1.2–1.5 m each, and they were under completely dry conditions. Figure 11b,c show the resulting image after the blasting. Under the same blasting conditions, the rock fragments in the STF-applied part are generally smaller than in the sand stemming part.




4.2. Evaluation of Rock Fragmentation


Muck piles of fragmented rocks were photographed using a single camera from the top surface of the bench and the front. In the images, a reference scale was used for single-scale factor analysis by applying a square marker target of 18 cm in width and height. Table 4 shows the image-based sieving analysis results of the rock fragmentation of the muck pile after full-scale bench blasting. Figure 12, Figure 13, Figure 14 and Figure 15 show the analysis of the rock fragment size distribution. Larger rock fragments are displayed in red in the resulting image.



Images taken from the top of the bench muck pile are compared. In the bench region to which sand stemming was applied, the characteristic size (   X c   ) for evaluating the fragment size is approximately 2.7 times larger than that in the region to which STF-based stemming material was applied. Moreover, the uniformity index (  n  ) for evaluating the particle size distribution of the fragment rocks of the muck pile is 1.66 for the sand stemming region and 1.93 for the STF-based stemming. A higher uniformity index indicates a more uniform distribution of the fragmented rock.



Similarly, images taken from the front of the bench muck pile are compared. In the bench region to which sand stemming was applied, the characteristic size (   X c   ) for evaluating the fragment size is approximately 1.3 times larger than that of the region to which the STF-based stemming material was applied; however, the uniformity index shows no significant difference between the two cases. This is expected to affect the uniformity index as a large rock fragment falls to the front of the muck pile after blasting. These large fragments fell from the top of the outermost bench and had relatively little effect on the explosive force. Moreover, it is for this reason that the average fragment size compared, respectively, at the front and top of the bench muck pile image shows a significant difference



The WipFrag 3 program automatically generates the histogram graph. The x-axis is a log graph showing the size distribution of the rock fragments. The y-axis is the rate of passing. Large fragments are marked with boxes in Figure 12, Figure 13, Figure 14 and Figure 15. The size of the large fragments that must be subjected to secondary breaking with a breaker machine before being placed in the jaw crusher line is approximately 1000 mm or more in diameter. When STF is applied as a stemming, the average fragment size decreases, and the number of large fragments that require second breaking work is greatly reduced.





5. Discussion


In this study, a material that instantaneously changes from shock load was developed as a blast stemming material and its performance was verified. Then, the pressure in the upper part of the stemming area was directly measured inside the blast hole. There are limited case studies that directly measure the pressure in the blast hole during bench blasting.



Previous research showed that stemming could increase the action time of the dynamic gas pressure in the blast hole and the efficiency of the explosives, reducing explosive consumption, as shown in Figure 16 [5,6]. Figure 16 depicts the time–pressure concept curves according to the stemming condition. In cases of missing or improper stemming, the pressure rapidly attenuates in the blast hole (Figure 16a), but proper stemming can increase the action time of the detonation gas inside the blast hole (Figure 16b). It is estimated that the shock pressure in the blast hole could be sustained for a longer time compared with that in the sand cases owing to the unique characteristics of STF. This is because STF is a smart-fluid type exhibiting an intense viscosity jump when subjected to loading.



Figure 17 shows the time–pressure results according to the direct measurement of blast hole pressure, where sand- or STF-stemming materials were applied in each experiment. Since the pressure was measured at the upper part of the stemming area, a lower measured peak pressure transmits enough energy to the rock mass around the blast hole and below the stemming area. Stage I indicates detonation durations. When the shock front arrives at the gauge point, the gauge outputs a peak pressure. Stage II indicates the pressure variation as detonation propagates from gauge point to blast hole. Note that during this time, the stemming material begins initial ejection from the blast hole. Finally, in stage III the pressure curve rapidly decreases to atmospheric pressure when the stemming part is completely ejected.



In the case of STF-based stemming, the pressure attenuates more slowly than in the sand stemming case. The pressure acts approximately 5–10 ms longer than the blasting gas pressure for the STF-based stemming than for the sand stemming. Eloranta et al. [41] verified that 1 ms of increased gas retention time in a blast hole increased the fragment work done on the rock mass and reduced waste energy. Therefore, an increase in the gas retention time of approximately 5 ms has a significant impact on rock fragmentation.



The purpose of stemming is to increase blasting efficiency by extending the duration of the explosion gas and forming more cracks in the crushing area. Therefore, the ability to resist the gas pressure emitted in the direction of the blast hole inlet implies the stemming performance, which is directly related to the blast efficiency. In this study, after crushing and cracking under the effect of detonation, the pressure applied to the elastic area was measured using a water pressure sensor from a nylon tube inserted into the water tube, and the pressure acting in the elastic area was measured, as shown in Figure 18.



Therefore, the pressure behavior in the blast hole owing to the explosive detonation measured through the hydraulic pressure measurement sensor is the pressure value at which the pressure ejected to the upper part of the blast hole by the explosion is attenuated by the stemming material and not by the direct blast pressure. The low peak pressure measured by the hydraulic sensor implies that the stemming material has an excellent pressure constraint against the explosive pressure ejected to the upper part of the blast hole. This suggests that the explosive pressure applied to the lower part of the blast hole is high. In addition, because the explosive pressure delay time measured by the hydraulic pressure sensor is from the trigger to the pressure wave measurement, the longer the delay time from the detonation to the pressure measurement, the more continuous the pressure behavior of the stemming material under the blast hole. Finally, the time at which the explosion pressure returns to atmospheric pressure after the increase indicates the duration of the explosive pressure in the blast hole. This suggests that, the longer the duration of the explosive pressure, the longer the crack propagation time owing to the gas pressure behavior in the blast hole.



The measured pressure behavior in the blast hole correlates with the resistance characteristics of the stemming material. It is judged that the STF-based stemming material will effectively achieve the purpose of the stemming material by resisting the blasting pressure and maintaining relatively high pressure in the blast hole for a longer time compared to the conventional sand stemming material.




6. Conclusions


By conducting two blasting experiments, we compared the stemming effects of the developed STF-based stemming material and those of commonly used sand stemming material. The conclusions drawn from the blasting experiments are as follows:




	(1)

	
The measured pressure was 2.80 MPa for the STF-based stemming case and 5.84 MPa for the sand stemming case based on the direct dynamic pressure measurement at the top of the blast hole. The lower the measured pressure value, the lower the loss of explosive pressure in the blast hole owing to stemming transfer. In addition, the explosive gas pressure action time in the STF stemming case was 5 ms longer than the sand-stemming case. The longer the duration of the explosive pressure, the greater the energy that can be used to fracture the rock;




	(2)

	
The measured pressure behavior in the blast hole correlated with the resistance characteristics of the stemming material. It is judged that the STF-based stemming material can effectively resist the blasting pressure and maintain a relatively high pressure in the blast hole for a longer duration compared to the conventional sand stemming material;




	(3)

	
The hydraulic pressure measurement system was developed to measure blasting pressure in a blast hole. This was done by improving the method of measuring the blasting pressure by drilling a dummy hole, which was mainly performed for the explosion pressure measurements. The pressure behavior depending on the voltage of pressure meter with cerabar (PMC) was set through the sensor calibration performed before the blasting experiment, the test method to evaluate the pressure constraint capacity of the stemming material was presented, and the validity of the pressure measurement system in the blasting hole was verified;




	(4)

	
As a full-scale bench blasting experiment, a rock pile fragmentation analysis was performed after blasting, and it was confirmed that the average fragment size was reduced by an approximate minimum of 25% to a maximum of 60%, when using STF-based stemming material. This suggests that the secondary crushing work in aggregate quarry mines can be reduced.













Author Contributions


Conceptualization, Y.J.; Investigation, C.S.; Methodology, Y.K.; Supervision, S.C.; Writing—original draft, Y.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by a grant from the project “Development of new stemming material and blasting method using shear thickening fluid by high shock-wave reaction”, funded by the Korea Institute of Civil Engineering and Building Technology (KICT).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest regarding the publication of this paper.




References


	



Brinkmann, J.R. An experimental study of the effects of shock and gas penetration in blasting. In Proceedings of the 3th International Symposium on Rock Fragmentation by Blasting, Brisbane, Australia, 26–31 August 1990; pp. 55–66. [Google Scholar]

	



Konya, C.J.; Konya, A. Effect of hole stemming practices on energy efficiency of comminution. In Energy Efficiency in the Minerals Industry; Awuah-Offei, K., Ed.; Springer: Cham, Switzerland, 2018; pp. 31–53. [Google Scholar]

	



Snelling, W.O.; Hall, C. The Effect of Stemming on the Efficiency of Explosives; United States Government Printing Office: Washington, DC, USA, 1912. [Google Scholar]

	



Floyd, J.L. Explosive energy relief—The key to Control. Over break. In Proceedings of the Explosion, Kalgoorlie, WA, USA, October 1999; pp. 147–153. [Google Scholar]

	



Zong, Q. Theoretical discussion of movement rule of stemming in blast holes. Blasting 1996, 13, 8–11. [Google Scholar]

	



Luo, Y.; Wu, S. Study on length of stemming material and its effect in hole-charged blasting. Mech. Eng. 2006, 28, 48–52. [Google Scholar]

	



Phamotse, K.M.; Nhleko, A.S. Determination of optimal fragmentation curves for a surface diamond mine. J. S. Afr. Inst. Min. Metall. 2019, 119, 613–619. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.L.; Shi, X.Z.; Liu, B.; Zhao, J.P. Experimental research on reasonable length of water stemming. Blasting 2015, 32, 11–16. [Google Scholar]

	



Cui, Z.D.; Yuan, L.; Yan, C.L. Water–silt composite blasting for tunnelling. Int. J. Rock Mech. Min. Sci. 2010, 47, 1034–1037. [Google Scholar] [CrossRef]

	



Wang, Z.; Li, Y. Numerical simulation on effects of radial water-decoupling coefficient in engineering blast. Yantu Lixue/Rock Soil Mech. 2005, 26, 1926. [Google Scholar]

	



Zhu, Z.; Xie, H.; Mohanty, B. Numerical investigation of blasting-induced damage in cylindrical rocks. Int. J. Rock Mech. Min. Sci. 2008, 45, 111–121. [Google Scholar] [CrossRef]

	



Boshoff, D.; Webber-Youngman, R.C.W. Testing stemming performance, possible or not? J. S. Afr. Inst. Min. Metall. 2011, 111, 871–874. [Google Scholar]

	



Kopp, J.W. Stemming Ejection and Burden Movements from Small Borehole Blasts; United States Department of the Interior, Bureau of Mines: Twin Cities, MN, USA, 1987. [Google Scholar]

	



Wang, C. The action of the blasthole plug. J. Univ. Hydr. Electric. Eng. 1999, 21, 45–49. [Google Scholar]

	



Hunter, G.C.; McDermott, C.; Miles, N.J.; Singh, A.; Scoble, M.J. A review of image analysis techniques for measuring blast fragmentation. Min. Sci. Technol. 1990, 11, 19–36. [Google Scholar] [CrossRef]

	



Sudhakar, J.; Adhikari, G.R.; Gupta, R.N. Comparison of fragmentation measurements by photographic and image analysis techniques. Rock Mech. Rock Eng. 2006, 39, 159–168. [Google Scholar] [CrossRef]

	



Jung, M. A Study on the Estimation of Non-Ideal Blasthole Pressure of Bulk Blend Explosives. Ph.D. Thesis, Seoul National University, Seoul, Korea, 2019. [Google Scholar]

	



Cunningham, C. Blasthole Pressure: What it really means and how we should use it. Proc. Annu. Conf. Explos. Blasting Tech. 2006, 32, 255. [Google Scholar]

	



Raina, A.K.; Murthy, V.M.S.R.; Soni, A.K. Estimating flyrock distance in bench blasting through blast induced pressure measurements in rock. Int. J. Rock Mech. Min. Sci. 2015, 76, 209–216. [Google Scholar] [CrossRef]

	



Majumdar, A.; Laha, A.; Bhattacharjee, D.; Biswas, I. Tuning the structure of 3D woven aramid fabrics reinforced with shear thickening fluid for developing soft body armour. Compos. Struct. 2017, 178, 415–425. [Google Scholar] [CrossRef]

	



Daelemans, L.; Cohades, A.; Meireman, T.; Beckx, J.; Spronk, S.; Kersemans, M.; De Baere, I.; Rahier, H.; Michaud, V.; Van Paepegem, W.; et al. Electrospun nanofibrous interleaves for improved low velocity impact resistance of glass fibre reinforced composite laminates. Mater. Des. 2018, 141, 170–184. [Google Scholar] [CrossRef]

	



Majumdar, A.; Butola, B.S.; Srivastava, A. Development of soft composite materials with improved impact resistance using Kevlar fabric and nano-silica based shear thickening fluid. Mater. Des. 1980–2015 2014, 54, 295–300. [Google Scholar] [CrossRef]

	



Wei, M.; Lin, K.; Liu, H. Experimental investigation on hysteretic behavior of a shear thickening fluid damper. Struct. Contr. Health Monit. 2019, 26, e2389. [Google Scholar] [CrossRef]

	



Gürgen, S.; Sofuoğlu, M.A. Experimental investigation on vibration characteristics of shear thickening fluid filled CFRP tubes. Compos. Struct. 2019, 226, 111236. [Google Scholar] [CrossRef]

	



Lim, J.; Kim, S.-W. Enhanced damping characteristics of carbon fiber reinforced polymer–based shear thickening fluid hybrid composite structures. J. Intell. Mater. Syst. Struct. 2020, 31, 2291–2303. [Google Scholar] [CrossRef]

	



Gürgen, S.; Kushan, M.C. The effect of silicon carbide additives on the stab resistance of shear thickening fluid treated fabrics. Mech. Adv. Mater. Struct. 2017, 24, 1381–1390. [Google Scholar] [CrossRef]

	



Boersma, W.H.; Laven, J.; Stein, H.N. Shear thickening (dilatancy) in concentrated dispersions. AIChE J. 1990, 36, 321–332. [Google Scholar] [CrossRef]

	



Hoffman, R.L. Discontinuous and dilatant viscosity behavior in concentrated suspensions. I. Observation of a flow instability. Trans. Soc. Rheol. 1972, 16, 155–173. [Google Scholar] [CrossRef]

	



Brady, J.F.; Bossis, G. The rheology of concentrated suspensions of spheres in simple shear flow by numerical simulation. J. Fluid Mech. 1985, 155, 105–129. [Google Scholar] [CrossRef]

	



Xu, Y.; Gong, X.; Peng, C.; Sun, Y.; Jiang, W.; Zhang, Z. Shear thickening fluids based on additives with different concentrations and molecular chain lengths. Chin. J. Chem. Phys. 2010, 23, 342–346. [Google Scholar] [CrossRef]

	



Lee, Y.S.; Wetzel, E.D.; Wagner, N.J. The ballistic impact characteristics of Kevlar woven fabrics impregnated with a colloidal shear thickening fluid. J. Mater. Sci. 2003, 38, 2825–2833. [Google Scholar] [CrossRef]

	



Decker, M.J.; Halbach, C.J.; Wetzel, E.D.; Nam, C.H.; Wagner, N.J. Stab resistance of shear thickening fluid (STF)-treated fabrics. Compos. Sci. Technol. 2007, 67, 565–578. [Google Scholar] [CrossRef]

	



Ko, Y.; Kwak, K. Blast effects of a shear thickening fluid-based stemming material. Mining 2022, 2, 330–349. [Google Scholar] [CrossRef]

	



Bischoff White, E.E.; Chellamuthu, M.; Rothstein, J.P. Extensional rheology of a shear-thickening cornstarch and water suspension. Rheol. Acta 2010, 49, 119–129. [Google Scholar] [CrossRef]

	



Chi, L.Y.; Zhang, Z.X.; Aalberg, A.; Yang, J.; Li, C.C. Measurement of shock pressure and shock-wave attenuation near a blast hole in rock. Int. J. Impact Eng. 2019, 125, 27–38. [Google Scholar] [CrossRef]

	



Raina, A.K.; Trivedi, R. Exploring rock-explosive interaction through cross blasthole pressure measurements. Geotech. Geol. Eng. 2019, 37, 651–658. [Google Scholar] [CrossRef]

	



Palangio, T.C. WipFrag—A new tool for blast evaluation. In Proceedings of the 11th Annual ISEE Symposyum on Blasting Research, Nashville, TN, USA, 5–9 February 1985; pp. 269–285. [Google Scholar]

	



WipFrag. WipFrag 3 Operating Manual. Available online: https://wipware.com (accessed on 15 July 2022).

	



Singh, P.K.; Sinha, A. Rock fragmentation by blasting. In Proceedings of the 10th International Symposium on Rock Fragmentation by Blasting, New Delhi, India, 26–29 November 2012; CRC Press: Boca Raton, FL, USA, 2013; pp. 10–18. [Google Scholar]

	



Scott, A.; McKee, D.J. The inter-dependence of mining and mineral beneficiation processes on the performance of mining projects. In Proceeding of the Australian Institute of Mining and Metallurgy Annual Conference, Melbourne, Australia, 5–9 August 1994; pp. 5–9. [Google Scholar]

	



Eloranta, J. Stemming selection for large diameter blast holes. In Proceedings of the 20th Annual Conference on Explosive and Blasting Techniques, ISEE, Austin, TX, USA, 30 January–3 February 1994; pp. 1–11. [Google Scholar]








[image: Applsci 12 08629 g001 550] 





Figure 1. The shear thickening process of a shear thickening fluid. 
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Figure 2. (a) Rheometer schematic and (b) Anton-Paar MCR301 rheometer. 
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Figure 3. Results of the shear thickening fluid based stemming material’s rheological tests. 
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Figure 4. (a) Shear thickening fluid-based stemming material image and (b) package products. 
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Figure 5. Explosive pressure bar calibration results. 
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Figure 6. Stemming materials used in blast hole pressure measurement experiment. 
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Figure 7. Measuring tool applied to blast pressure measuring system. 
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Figure 8. Schematic of the blast hole measurement system. 
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Figure 9. Time-pressure hysteresis curve inside the blast hole. 
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Figure 10. Bench blasting design of full-scale blasting experiment. 
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Figure 11. Bench blasting results obtained by applying different stemming materials. 
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Figure 12. Rock pile image, contouring, histogram, and cumulative size curve of the fragmented block (bench top image of sand stemming case after blasting). 
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Figure 13. Rock pile image, contouring, histogram, and cumulative size curve of the fragmented block (bench top image of STF stemming case after blasting). 
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Figure 14. Rock pile image, contouring, histogram, and cumulative size curve of the fragmented block (bench front image of sand stemming case after blasting). 
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Figure 15. Rock pile image, contouring, histogram, and cumulative size curve of fragmented block (bench front image of STF stemming case after blasting). 
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Figure 16. Concept curves of pressure and time: (a) without stemming, and (b) with stemming. 
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Figure 17. The time–pressure curves of the experimental results according to sand or shear thickening fluid (STF) stemming. 
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Figure 18. Schematic of the measured pressure wave in the blast hole. 
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Table 1. Results of the Explosion Pressure sensor calibration.
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	No.
	Pressure Range (MPa)
	Analog Output (V)





	1
	0
	0.985



	2
	25
	2.98



	3
	50
	4.984



	4
	0
	0.988



	5
	25
	2.97



	6
	50
	4.955



	7
	0
	0.98



	8
	25
	2.99



	9
	50
	4.987
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Table 2. Result of the explosion pressure measurement in blast hole.
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	Peak Pressure in Blasting Hole

(MPa)
	Explosive Pressure Arrival Time after Trigger

(ms)
	Explosive Pressure Duration in Blasting Hole

(ms)





	Sand Stemming
	5.84
	12.24
	16.82



	STF-based stemming
	2.80
	31.82
	21.81
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Table 3. Main parameters of the full-scale bench blasting experiment.
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	Parameter
	Unit
	Value





	Hole diameter
	   mm   
	75



	Hole length
	  m  
	9.0



	Burden
	  m  
	2.8



	Hole spacing
	  m  
	3.2



	Charge per hole
	   kg / hole   
	24.0



	Charge per delay
	   kg / delay   
	72.0



	Charge type
	-
	Emulsion 1.0 kg

ANFO 23.0 kg



	Specific charge
	   kg /  m 3    
	0.308



	Rock fracture per hole
	   m 3   /hole
	77.95



	Number of holes
	ea
	30



	Stemming length
	M
	2.5



	Stemming type
	-
	STF or Sand



	Total charge
	kg
	720
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Table 4. Results of rock fragmentation analysis.
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Location from Which the

Image Was Captured

	
Stemming Type

	
Characteristic Size

(    X c    , mm)

	
Uniformity Index (  n  )

	
Average Fragment Size (   X  50    , mm)

	
Maximum Fragment

(   X  m a    , mm)






	
Top of rock pile

	
Sand

	
1149

	
1.66

	
836

	
1910




	
STF

	
419

	
1.93

	
345

	
1.100




	
Front of rock pile

	
Sand

	
1234

	
2.07

	
1020

	
2610




	
STF

	
938

	
2.01

	
772

	
2010
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