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Abstract

:

The placement of proppant within fractures is critical to the effectiveness of hydraulic fracturing. To elucidate the migration and placement patterns of proppant within multi-branched fractures during hydraulic fracturing, we conducted simulation experiments under both single-fracture and multi-branched-fracture conditions, varying injection rates and proppant sizes. The results of the research indicate that increasing the injection rate effectively increases the magnitude of vortex formation at the leading edge of sandbars and the drag forces acting on the proppant particles, resulting in increased particle migration distances. However, effective proppant packing near the wellbore entrance is not achieved at higher injection rates, leaving the fractures susceptible to closure under in situ stress, thereby reducing overall fracture conductivity. In addition, increasing the proppant size results in higher settling velocities and weakens the vortex’s ability to entrain the proppant particles. This results in shorter proppant placement distances, and the proppant cannot effectively reach the distant branched fractures. In addition, the diversionary effect of the branched fractures gradually reduces the flow rate in the distant branches, resulting in poorer proppant placement efficiency. Based on these findings, we recommend an approach that initially increases injection rates while reducing proppant size to ensure proppant placement in distant wellbore fractures and branched fracture networks. Subsequently, larger proppants can be used to effectively fill fractures close to the wellbore.
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1. Introduction


Oil and gas resources are primary global energy sources for which demand and extraction volumes are increasing [1,2,3,4,5,6]. As the depth at which oil and gas are extracted has increased, deep-seated hydrocarbon reservoirs have exhibited characteristics such as tightness and low permeability, severely limiting enhancements in oil and gas production [7,8,9,10,11]. To address this challenge, volumetric fracturing technology has emerged as an effective method to increase oil and gas production and facilitate the efficient development of low-permeability hydrocarbon reservoirs [12,13,14]. Through volumetric fracturing, efficient extraction from low-permeability oil and gas formations is achieved by fracturing the reservoir, enhancing the fracture complexity, and increasing both the seepage area and the flow conducting capacity [15,16,17,18,19]. However, increases in in situ stresses can induce the closure of intricate fracture networks formed through volumetric fracturing, leading to reduced oil and gas production [20,21,22,23,24]. To overcome these limitations, proppants have been applied to prevent the closure of reservoir fractures to maintain their conductivity [25,26,27,28,29].



Proppant particles are deposited in fractures to form sandbanks, which provide high-conductivity flow channels for reservoir fluids (including oil, gas, and water) [30,31]. The placement of the formed sandbanks determines the shape, volume, conductivity, and life of the fractures [32,33,34]. Therefore, a clear understanding of the migration rules and sandbank placement effects of proppant in fractures is crucial for improving the enhancement effect of fracturing. Kern et al. [30] pioneered the use of a vertical slot designed with two parallel organic glass plates to study the migration of particles in low-viscosity fluids. The results showed that particles in low-concentration liquids quickly settled and formed sandbanks. Similarly, Wen [35] evaluated the settling and migration rules of proppant in fractures using a self-developed fracture simulation device. The results showed that an increase in the fracture flow velocity and the fracturing fluid viscosity reduced the settling speed and increased the horizontal migration speed of the proppant. Additionally, increasing the ratio of the proppant particle size to the fracture width and sand ratio reduced both the settling speed and the horizontal migration speed of the proppants, thereby affecting the proppant transport range and placement range. Zhao [36] investigated the effects of fluid viscosity, injection speed, fluid filtration, injected proppant concentration, and particle size on proppant distribution in fractures using numerical simulations. The results showed that the transport distance of proppants increased with increasing injection speed, fluid viscosity, and injected proppant concentration and decreased with increasing particle size. Zhang [37] employed a CFD-DEM coupling model to systematically investigate the migration and placement patterns of multi-sized proppants in vertical and horizontal well fractures. The results indicate that a proppant sandbank first forms near the wellbore in a fracture, and the large proppant particles are more likely to accumulate near the wellbore while the small particles are transported deeper into the fracture. Xu [38] conducted an analysis of the placement patterns of different-sized proppants within complex fractures under varying fracturing fluid flow rates and viscosities. The results revealed a 10.7% reduction in the proppant transport distance within complex fractures. It is important to note that most of the studies were based on single-fracture structures and did not account for the complexity of fractures. In cases involving complex fractures, the majority of research relies on DEM simulations. However, in the context of complex fractures, the predominant approach in studies is to employ the Discrete Element Method (DEM) for numerical simulations. Nonetheless, given the substantial computational demands associated with the Discrete Element Method, the resulting numerical models frequently feature relatively small dimensions, potentially limiting their ability to accurately depict proppant migration patterns.



To overcome these limitations, we analyzed the migration rules of proppants using a self-developed visualized fracture system and compared the effects of proppant particle size and injection displacement to the migration rules and placement effects of proppants under single- and multi-branch-fracture conditions. The experimental results provide support for optimizing the volumetric fracturing parameters.




2. Experiment


2.1. Experimental Apparatus


The self-developed experimental system for visual proppant transport and distribution mainly consists of a sand-adding system and a fracture simulation system, as illustrated in Figure 1. The sand-adding system comprises a sand-adding device, mixing tank for fluid preparation, and slurry pump which supply hydraulic fracturing fluid to the experimental system. The slurry pump allows for adjustable injection rates ranging from 0 to 30 m3/min to meet the experimental requirements. The fracture simulation system is composed of several visual fracture units. Each individual fracture unit is constructed using two parallel acrylic plates measuring 1000 mm in length, 600 mm in height, and spaced 10 mm apart. The gap between them simulates the fractures within the geological formation. To investigate the influences of single and branched fractures on proppant transport, experimental systems with single and multiple branched fractures were constructed using three and five fracture units, respectively (Figure 2). At the entrance of the fracture simulation system, four perforation holes were evenly distributed along the height direction, each with a diameter of 20 mm and spaced at 50 mm intervals. A circular outlet with a diameter of 50 mm was placed at the bottom of the fracture. Prior to the experiment, the proppant was introduced into the mixing tank via a feeding device, where it was mixed with the fracturing fluid. The sand-carrying fluid was directed into the fracture through four evenly distributed holes using a slurry pump. Throughout the experiment, a camera recorded the proppant transport process, which ceased once the accumulated proppant reached the equilibrium height.




2.2. Experimental Design


When proppants are injected through a main fracture into a complex fracture network, flow diversion occurs as the proppants pass through branched fractures, affecting the proppant transport process. However, alterations in the proppant particle size and injection rate induce changes in the forces exerted on the proppant particles within the fracturing fluid, thus influencing their transport and distribution. We investigated the influence of the proppant particle size and injection rate on proppant transport under single-fracture and branched-fracture conditions, as listed in Table 1. The selected experimental proppants consisted of quartz sand with sizes of 270–550 μm (30–50 mesh), 212–380 μm (40–70 mesh), and 109–212 μm (70–140 mesh). Proppants of various mesh sizes were dyed to facilitate the observation of their transport patterns. Slickwater with a viscosity of 5 mPa·s was used as the fracturing fluid and a constant sand ratio of 20% was maintained.



There are discrepancies between the calculated indoor injection rate and the field injection rate. To ensure that the experimental results more accurately reflect real-world conditions and achieve the goal of guiding hydraulic fracturing construction design, it is necessary to convert the indoor-tested injection rate to the field-scale injection rate. Assuming the flow velocity of the fracturing fluid within the indoor parallel plate fracture is equal to the actual flow velocity in the reservoir fracture, the process of deriving the conversion formula for the flow rates between the experimental pipeline and the reservoir fracture is as follows:


  q = 3.6 × v w h ×   10   − 3    



(1)






  Q = 6 × V W H ×   10   − 5    



(2)






  Q =  1  60   ×   q W H   w h    



(3)




where:



 v  represents the flow velocity of the fracturing fluid within an indoor parallel plate fracture (m/s),



 q  represents the indoor flow rate, m3/h,



 w  is the width of the fracture, mm,



 h  is the height of the parallel plates, mm,



 V  denotes the actual flow velocity of the fracturing fluid within a reservoir fracture (m/s),



 Q  represents the flow rate within the reservoir fracture, m3/min,



 W  is the width of the reservoir fracture, mm,



 H  is the height of the reservoir fracture, mm.



To investigate the impact of injection rate on proppant transport and the resulting sandbank morphology in both single fractures and branched fractures, we applied three distinct discharge rates: Q = 3.0, 5.0, and 7.0 m3/h, which equate to the field injection rates of 8.0, 10.0, and 12 m3/min, respectively. Since sandbanks can eventually reach equilibrium, it suffices to conduct each experimental condition once.





3. Discussion and Analysis


3.1. Proppant Transport Behavior in Single Fractures


3.1.1. Injection Rates


Figure 3 depicts the distribution of proppants at different hydraulic fracturing injection rates when the proppant particle size was 270–550 μm (30–50 mesh). The sandbank morphology at equilibrium under the varying injection rates shared consistent traits, including the existence of a leading edge area, a region of height equilibrium, and a descending area. The sandbank leading edge area strongly influenced the overall flow conductivity of the fractures. Insufficient proppant placement at the fracture entrance may make fractures near the wellbore susceptible to closure, particularly under elevated geostress conditions, ultimately compromising flow conductivity. Furthermore, the equilibrium length and height of the sandbank significantly contributed to the primary factors affecting the fracture flow conductivity. Enhanced fracture flow conductivity is directly correlated with a greater sandbank equilibrium height and an extended equilibrium length [39,40,41].



Therefore, to further analyze the influence of the injection rate on proppant migration and distribution, a coordinate system was established with the lower part of the fracture as the x-axis and injection port as the y-axis, and sandbank morphological data under different injection rates were drawn in the coordinate system. Figure 4 illustrates the morphological data of the sandbank for proppant particle sizes of 270–550 μm (30–50 mesh) under different fracturing injection rates. For proppant particles sized between 270 and 550 μm (30–50 mesh) injected at a rate of 3.0 m3/h, the leading edge of the sandbank reached a height of 36.8 cm and extended to a length of 35.9 cm. The sandbank achieved an equilibrium height of 52.2 cm and a length of 224.7 cm. When the injection rate was raised from 3.0 to 5.0 and 7.0 m3/h, the leading edge height of the sandbank decreased to 31.9 and 18.3 cm, respectively. Simultaneously, the length of the leading edge increased to 48.3 and 76.7 cm. Correspondingly, the equilibrium height decreased to 49.3 and 44.2 cm, whereas the sandbank length increased to 227.9 and 236.1 cm.



According to Ranjith et al. [42], the main forces governing the acceleration of proppant particles are the drag, pressure gradient, and virtual mass forces, and their effects diminish in that sequence. As the predominant force in the proppant acceleration, drag force relies primarily on the velocity disparity between the liquid and solid phases. Increasing the injection rate of the fracturing fluid can greatly increase the velocity difference between the liquid and solid phases, resulting in an escalated drag force acting on the proppant particles. This leads to enhanced particle transportation speed and distance. When the injection rate is increased, the scale of the vortex formed at the forefront of the sandbank increases, enhancing the entrainment effect. Most of the particles continuously undergo entrainment and remain suspended within the fracturing fluid, subsequently being transported to the remote end of the fracture because of drag forces. Hence, an increase in the injection flow rate resulted in the reduced height of the leading edge of the sandbank and a simultaneous increase in the distance of particle displacement.



Figure 5 illustrates the placement morphology of 270–550 μm (40–70 mesh) and 109–212 μm (70–140 mesh) proppants for the varying injection rates. With an increase in the injection rate, the placement morphology of the proppant followed consistent patterns. Notably, for smaller particle sizes, increasing the injection rate resulted in the heightened entrainment and transportation of the proppant particles to the rear end of the fracture. This phenomenon caused the leading -edge height to decrease to 0 mm and propelled the sandbank forward. Although an increase in the injection flow rate has the potential to extend the placement distance, proppant particles do not settle near the fracture entrance close to the wellbore. This may result in fracture closure, thereby reducing the overall flow conductivity of the fracture.



These results show that, during hydraulic fracturing operations using a single-particle-sized proppant, the injection rate should be increased to increase the proppant distribution distance within the fracture. Subsequently, the injection rate can be decreased, enabling effective proppant deposition near the fracture entrance, particularly near the wellbore.




3.1.2. Particle Size


The particle size profoundly influences the transport and arrangement of proppant particles. The arrangement characteristics of proppants varying in particle sizes were derived under injection rates of 3.0, 5.0, and 7.0 m3/h, as depicted in Figure 6. At an injection rate of 3.0 m3/h and with proppant particle sizes of 109–212 μm (70–140 mesh), the leading edge of the sandbank had a height of 27.7 cm and a length of 51.0 cm, whereas the equilibrium height and length were 51.6 and 282 cm, respectively. For the proppant particle sizes of 212–380 μm (40–70 mesh), the leading edge of the sandbank had a height and length of 35.8 cm, respectively, with an equilibrium height and length of 54.2 and 276 cm, respectively. For the proppant particle sizes of 212–380 μm (40–70 mesh), the leading edge height and length of the sandbank were both 35.8 cm, and the equilibrium height and length of the sandbank were 54.2 and 276 cm, respectively. As the proppant particle size increased, the gravitational force increased the vertical force on the proppant, resulting in an increased settling rate. Proppant particles rapidly settled and accumulated at the fracture near the wellbore, forming a sandbank. The fracturing fluid consistently introduced a proppant into the fracture, leading to an accumulation at the leading edge of the sandbank until an equilibrium state was reached. Thus, as the particle size increased, and the height of the leading edge of the sandbank increased, whereas the length of the sandbank decreased. Therefore, with increasing particle sizes, the leading edge of the sandbank experienced an elevated height coupled with a reduced length.



When the proppant particle size was increased from 109–212 μm (70–140 mesh) to 212–380 μm (40–70 mesh), the sandbank leading edge height increased by 7.8 cm. However, as the particle size was further increased from 212–380 μm (40–70 mesh) to 270–550 μm (30–50 mesh), the height of the sandbank leading edge increased by only 1.0 cm. In instances of smaller particle sizes, the proppant particles that accumulated at the leading edge of the sandbank were easily sucked into the upper part of the fracture by the vortex and continuously transported to the far end of the fracture. Augmenting the particle size increased the vertical gravitational force exerted on the proppant particles. This led to an accelerated settling rate and a subdued suction effect of the vortex on the proppant particles. The continuous accumulation of proppant in the fracture near the wellbore increased the height of the sandbank’s leading edge. Further increasing the proppant particle size did not lead to the increased uptake and transport of proppant particles at the leading edge of the sandbank, resulting in a smaller increase in the leading edge height.



When the injection rate remained constant, smaller proppant particles were more easily conveyed to deeper regions of the fracture. However, this led to the reduced equilibrium height of the sandbank and increased the susceptibility to vortex effects at the entrance. Consequently, the proppant placement near the entrance was diminished, which impeded the enhancement of the overall fracture conductivity. Although larger proppant particles exhibited an improved sandbank morphology, they were less effective in transporting proppant deep within the fracture and were susceptible to sand plugging. Thus, smaller proppant particles should be used during the initial phase of hydraulic fracturing, switching to larger proppant particles in subsequent stages.





3.2. Proppant Transport Behavior in Branching Fractures


3.2.1. Injection Rates


Figure 7 illustrates the sandbank morphology within both the main and branched fractures under varying injection rates. Notably, the proppant placement morphology within the main fracture was similar to those of scenarios lacking branched fractures. These features include the existence of a sandbank leading edge area, a sandbank height equilibrium area, and a sandbank descending area. Similarly, increasing the injection rate enhanced the flow velocity of the fracturing fluid and increased the drag force on the particles. Because of the influence of drag force, the distance over which the particles migrated into the fracture expanded. Subsequently, particles settled and aggregated at the remote end of the fracture, culminating in sandbank formation. The accumulation of the sandbank extended to the entrance of the fracture, and the high-injection-rate fracturing fluid generated a vortex at the leading edge of the sandbank. The proppant at the leading edge of the sandbank was continuously taken up and transported to the rear end of the sandbank via vortexing. Thus, with increasing injection rates, the length of the sandbank within the main fracture was augmented, accompanied by the reduced height of the leading edge of the sandbank.



As illustrated in Figure 8b, a substantial disparity in the proppant placement morphology was evident within the first branched fracture compared to in the main fracture. When the proppant particle size was 212–380 μm (40–70 mesh) and the injection rate was 3 m3/h, the fracturing fluid carried the proppant particles into the first branched fracture at a lower speed. Subsequently, these particles were consistently deposited within the fracture, resulting in the formation of a sandbank characterized by an approximately triangular shape. The leading edge of the sandbank reached a height of 40.3 mm. When the injection rate was increased to 5 m3/h, the flow rate of the fracturing fluid in the first branched fracture increased, and more proppant particles were transported and accumulated inside the first branched fracture, with the sandbank leading edge height increasing to 46.5 cm. When the injection rate was 7 m3/h, the flow rate of the fracturing fluid in the first branched fracture increased rapidly. The proppant at the leading edge of the sandbank was continuously taken up and transported to the rear end of the sandbank, causing the sandbank leading edge height to decrease by 21.9 cm. Thus, within branched fractures, increasing the injection rate results in an initial increase, followed by a decrease, in the height of the sandbank’s leading edge.



Figure 8c shows the proppant placement morphology within the second branched fracture. The proppant placement area within the second branched fracture was notably smaller than that within the first branched fracture. This discrepancy arose because of the direct proportionality between the influx of proppant into the branched fracture and the flow rate and velocity of the fracture. The placement height and length of proppant in the second branched fracture were significantly lower than those in the first branched fracture. This is attributed to the increased distance of the second branched fracture from the wellbore, resulting in a diminished flow rate and flow velocity.



Hence, within intricate fracture networks, flow diversion caused by branched fractures led to a gradual reduction in the flow rate of the sand-laden fluid. Consequently, the capacity to transport proppant decreased, lowering the flow rate within the distal branched fractures. This, in turn, resulted in compromised proppant support. Thus, in reservoirs characterized by well-developed natural fractures, the proppant placement efficacy within branched fractures can be enhanced by augmenting the fracturing fluid injection rate. Nevertheless, an elevated injection rate may result in a reduced proppant placement height at the entrance of the main fracture proximate to the wellbore and at the entrance of the distal branched fractures.




3.2.2. Particle Size


Figure 9 illustrates that, at an injection rate of 3.0 m3/h, the equilibrium heights for proppants of 270–550 μm (30–50 mesh), 212–380 μm (40–70 mesh), and 70–140 μm (70–140 mesh) were 54.9, 51.7, and 49.9 cm, respectively. The corresponding sandbank leading edge heights were 35.8, 30.8, and 24.5 cm, whereas the sandbank leading edge lengths were 10, 12.5, and 24 cm, respectively. The sandbank equilibrium lengths were 165.9, 206, and 221 cm. In line with the single fracture scenario, a decrease in the proppant particle size resulted in reduced gravitational force acting in the vertical direction, leading to a decrease in the settling rate. This change permitted the transportation of proppant particles to the remote end of the fracture, thereby enhancing the placement length and decreasing the height of the sandbank leading edge.



In the case of branch fractures, alterations in the particle size failed to substantially modify the proppant deposition patterns within the first branch fracture when the injection rate was 3 m3/h. Elevating the injection rate to 5 m3/h led to a reduction in the sandbank leading edge height for the 70–140 μm (70–140 mesh) proppant. Further raising the injection rate to 7 m3/h resulted in a decline in the sandbank leading edge height for the 212–380 μm (40–70 mesh) proppant. This phenomenon occurred because of the presence of a critical particle size at a consistent injection rate, which enabled the proppant particles to be entrained and conveyed to the extremity of the branch fracture. The critical particle size corresponding to an injection rate of 3.0 m3/h is quite small. The low-speed flow of the fracturing fluid can only transport and accumulate proppant particles up to the entrance of the first branch fracture. Consequently, variations in particle size exerted minimal influence on the proppant deposition within the branch fractures. Increasing the injection rate led to greater flow velocities within the branch fractures, which increased the critical particle size that is amenable to entrainment. Proppant particles smaller than the critical threshold are then entrained and conveyed to the remote extremities of the fractures, thereby inducing a decline in the sandbank leading edge height and a concurrent augmentation in the deposition length.



Therefore, for reservoirs with complex fracture networks, it is recommended that smaller proppant particles be used to fill the far-end branched fractures when the injection rate is constant.






4. Conclusions


To elucidate the migration and placement patterns of proppant in multibranch fractures during hydraulic fracturing, we conducted simulation experiments under both single- and multi-branch-fracture conditions. The following conclusions were drawn.



	(1)

	
With increasing injection rates, the dimensions of the vortices formed at the forefront of the sandbank increased, thereby intensifying the entrainment effects. Simultaneously, the augmentation of the injection rate of the fracturing fluid efficiently accentuated the disparity in velocity between the liquid and solid phases. This enhancement heightened the drag force exerted on the proppant particles, improving their conveyance velocity and traversal distance. However, if proppant particle filling is not achieved at the fracture entrance near the wellbore, it may lead to fracture closure and a reduction in the overall flow conductivity of the fracture.




	(2)

	
Increasing the particle size can increase the gravitational force on the proppant particles in the vertical direction, resulting in a faster settling rate and a weakened vortex suction effect on the proppant particles. The proppant continuously accumulated in the fracture near the wellbore, leading to a shorter particle placement distance.




	(3)

	
Because of the flow diversion effect of the branched fractures, the flow of sand-laden fluid gradually diminished, resulting in a lower ability to transport proppant. Consequently, the placement of proppant in the branching fractures farther from the wellbore was comparatively less effective.




	(4)

	
Augmenting the injection rate and decreasing the proppant particle dimensions can enhance the comprehensive flow capacity of fractures. This approach facilitates the filling of branching fracture networks in remote wells. Subsequently, larger proppants can be employed to pack the fractures adjacent to the wellbore.







In light of equipment limitations, this research has not yet delved into factors such as fracture angles, multistage fractures, and fracture roughness. In future investigations, we intend to address this gap by conducting a comprehensive series of experiments and numerical simulations focusing on proppant migration within intricate fractures as influenced by multiple factors.
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Figure 1. Visual fracture proppant migration and distribution experiment system. 
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Figure 2. Single- and multi-branch-fracture experimental system. 
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Figure 3. Sandbank morphology for a single fracture at different injection rates (particle size: 30–50 mesh). 
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Figure 4. Sandbank morphology data for a single fracture at different injection rates (particle size: 30–50 mesh). 
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Figure 5. Sandbank morphology at different injection rates (particle size: 40–70 and 70–140 mesh). 
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Figure 6. Sandbank morphology data for a single fracture under different particle sizes (injection rate Q = 3.0 m3/h). 
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Figure 7. Sandbank morphology at different injection rates (particle size: 40–70 mesh). 
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Figure 8. Sandbank morphology data at different injection rates (particle size: 40–70 mesh). 
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Figure 9. Sandbank morphology data under different particle sizes (injection rate Q = 3.0 m3/h). 
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Table 1. Experimental design.
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Test Number

	
Crack Type

	
Particle Size

(mesh)

	
Injection Rate (m3/h)

	
Equivalent Field Injection Rate (m3/min)

	
Sand Ratio (%)






	
SM-30/50-3

	
Single fracture

	
30–50

	
3.0

	
8.0

	
20




	
SM-30/50-5

	
5.0

	
10.0

	
20




	
SM-30/50-7

	
7.0

	
12.0

	
20




	
SM-40/70-3

	
40–70

	
3.0

	
8.0

	
20




	
SM-40/70-5

	
5.0

	
10.0

	
20




	
SM-40/70-7

	
7.0

	
12.0

	
20




	
SM-70/140-3

	
70–140

	
3.0

	
8.0

	
20




	
SM-70/140-5

	
5.0

	
10.0

	
20




	
SM-70/140-7

	
7.0

	
12.0

	
20




	
MM-30/50-3

	
Branching fractures

	
30–50

	
3.0

	
8.0

	
20




	
MM-30/50-5

	
5.0

	
10.0

	
20




	
MM-30/50-7

	
7.0

	
12.0

	
20




	
MM-40/70-3

	
40–70

	
3.0

	
8.0

	
20




	
MM-40/70-5

	
5.0

	
10.0

	
20




	
MM-40/70-7

	
7.0

	
12.0

	
20




	
MM-70/140-3

	
70–140

	
3.0

	
8.0

	
20




	
MM-70/140-5

	
5.0

	
10.0

	
20




	
MM-70/140-7

	
7.0

	
12.0

	
20
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