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Abstract

:

Global energy and material consumption are expected to rise in exponential proportions during the next few decades, generating huge demands for deep earth energy (oil/gas) recovery and mineral processing. Under such circumstances, the continuation of existing methods in rock fragmentation in such applications is questionable due to the proven adverse environmental impacts associated with them. In this regard; the possibility of using more environmentally friendly options as Soundless Chemical Demolition Agents (SCDAs) play a vital role in replacing harmful conventional rock fragmentation techniques for gas; oil and mineral recovery. This study reviews up to date research on soundless cracking demolition agent (SCDA) application on rock fracturing including its limitations and strengths, possible applications in the petroleum industry and the possibility of using existing rock fragmentation models for SCDA-based rock fragmentation; also known as fracking. Though the expansive properties of SCDAs are currently used in some demolition works, the poor usage guidelines available reflect the insufficient research carried out on its material’s behavior. SCDA is a cementitious powdery substance with quicklime (CaO) as its primary ingredient that expands upon contact with water; which results in a huge expansive pressure if this CaO hydration reaction occurs in a confined condition. So, the mechanism can be used for rock fragmentation by injecting the SCDA into boreholes of a rock mass; where the resulting expansive pressure is sufficient to create an effective fracture network in the confined rock mass around the borehole. This expansive pressure development, however, dependent on many factors, where formation water content creates a negative influence on this due to required greater degree of hydration under greater water contents and temperature creates a positive influence by accelerating the reaction. Having a precise understanding of the fracture propagation mechanisms when using SCDA is important due to the formation of complex fracture networks in rocks. Several models can be found in the literature based on the tangential and radial stresses acting on a rock mass surrounding an SCDA charged borehole. Those fracture models with quasi-static fracturing mechanism that occurs in Mode I type tensile failure show compatibility with SCDA fracturing mechanisms. The effect of borehole diameter, spacing and the arrangement on expansive pressure generation and corresponding fracture network generation is important in the SCDA fracturing process and effective handling of them would pave the way to creating an optimum fracture network in a targeted rock formation. SCDA has many potential applications in unconventional gas and oil recovery and in-situ mining in mineral processing. However, effective utilization of SCDA in such application needs much extensive research on the performance of SCDA with respect to its potential applications, particularly when considering unique issues arising in using SCDA in different applications.
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1. Introduction


Rock fragmentation is associated with many applications in the field of energy and mineral recovery. Among the many methods used for fracturing of rock, the use of explosives and hydraulic fracturing are most widely employed in the field. Deep earth energy and resource recovery processes generally have bad public perceptions due to the numerous environmentally harmful activities associated with them. The increasing global energy and resource consumption from 1336 to 1894 kg of oil equivalent per capita in 2013 (30% growth) within a span of four decades [1] has however led continuation of deep mining operations using conventional mining methods, despite the adverse environmental concerns. According to the projections of [2], the world energy consumption will grow by another 56% by 2040 and the possibility of continuing with harmful conventional fragmentation methods is a critical question that is required to bead dressed. This paper has been aimed at shedding light over the possibility of using soundless cracking demolition agents (SCDAs) as a more environmentally friendly replacement of conventional methods of rock fracturing.



1.1. Explosive Blasting


Rock blasting is the most primitive method used in rock fragmentation and is considered as the most economically viable rock fragmentation option compared to other fracturing mechanisms. However, use of explosives incorporates a lot of issues that need to be properly addressed for the desired result. In the case of deep mining, the difficulties in charging, sealing and controlling misfire are critical [3,4] as those come up with various environmental issues as, ground excitations, generation of dust, air blast, fly rock and back-break [5,6,7,8,9].



The failure to effectively control the fragmentation through blasting is well reported and is the primary cause for back-break of rocks, which creates additional complications to the process, such as instability of underground mining walls, gas outbursts, a higher unpredictability of mine slope stability and ultimately leading to a heightened cost of mining operations [9,10,11]. Further, such uncontrolled explosions may create a large variation in the fragmented rock size while producing many fine particles. All of these well imply the issue of poor fragmentation and therefore needs to be controlled when using explosives to fracture rock [12]. This becomes further critical when considering the fact that fragments produced by rock blasting govern the efficiency of subsequent operations in the mineral liberation process [13].




1.2. Hydraulic Fracturing


On the other hand, the depletion of recoverable resources for energy production has led to the use of hydraulic fracturing to recover gas and oil from deep reservoirs. However, this technique has now been subjected to huge public opposition due to its application in highly populated and environmentally sensitive areas [14,15].



The main issue associated with hydraulic fracturing is the consumption of large volumes of fresh water for the fracturing operations, causing severe ecological impacts [14]. For example, the water requirement for fracturing of a shale play could be as large as 11–19 million liters of water for a single well [16], whereas more recent studies suggest that the water usage has increased up to 13.7–23.8 million liters per well [17]. Unless the injected water is treated and re-introduced into the hydrological system, nearly all the water used in hydraulic fracturing is lost. Further, trickling down of water used for fracturing through the target reservoir imposes the risk of contaminating subsurface aquifers and surface water withdrawals for hydraulic fracturing may change the quality and quantity of water in both surface and subsurface water bodies leading to ecological imbalances [18]. Induced seismicity from hydraulic fracturing is another controversial issue, of which the mechanisms are poorly understood [19]. Nevertheless, recent studies claim that injection-induced seismicity is real and has to be given due consideration as an adverse ecological impact [20,21].



Apart from those, the possible adverse effect on human health caused through toxic chemicals used in hydraulic fracturing is another dire aspect that has to be considered [22,23,24,25]. For example, the inclusion of carcinogens, such as formaldehyde, 2-butoxyethanol, and acetaldehyde to improve the fracturing performance of hydrofracturing increase the risk of contamination in surrounding drinking water sources [26]. Although water replacement fracturing techniques as foam-based fracturing can be used to minimize the issues in water-based fracturing [25,27,28], those do not completely mitigate the issues related to the possible ground and surface water resources contaminations.




1.3. Electrical Disintegration


The electrical disintegration of rock is another fragmentation mechanism used in the mining industry, in which mineral liberation by sending high voltage electrical pulses into the formation. Though this has been identified as one of the fragmentation mechanisms with minimal environmental impacts [29,30,31,32,33], to date, this technology has however not been largely accepted by the mining and energy industry due to the huge transition that needs to be made from well-established mechanical disintegration processes [30]. Basically, the electrical disintegration of rock has limited application, mainly in the mineral liberation process, in which the generating current can be controlled. Application of this process in deep earth mines has however been inhibited due to the issues of controlling the generating current flow (2–6 kA) [31] in the presence of ground water. Furthermore, if applied in underground mines, the possible generation of excessive heat is another element which needs to be overcome by additional ventilation.





2. Is There a More Effective Method for Rock Fragmentation?


The adversities accompanying the use of conventional rock fragmentation processes along with the growing need to continue mining to sustain ever increasing population, the need to produce more effective alternate fragmentation mechanisms is clear.



SCDA also known as soundless cracking agents, expansive demolition agents, expansive concrete, non-explosive demolition agents [34,35,36,37,38,39,40], are such alternative rock fragmentation agents. The material used in the soundless cracking is a cementitious powdery substance and when it is hydrated at an appropriate temperature its quantity expands through the formation of ettringite (3CaO·Al2O3·3CaSO4·32H2O) and calcium oxide (CaO) hydration. In this process, the material is poured into the pre-drilled holes in the rock and the subsequent chemical reaction increases the temperature of the compound up to 150 °C [41]. This allows the material to volumetrically expand over a period of several hours. Under the existing confinement in a borehole, this volumetric expansion generates an expansive pressure and when it exceeds the tensile strength of the rock cracks form [39]. Thus, SCDAs can eliminate almost all the drawbacks associated with explosive demolition.



Though expansive cement and SCDAs were initially introduced in the 1970s, they failed to penetrate the market due to the lack of established guidelines [42]. Despite its introduction over four decades ago, to date, not much information on physical and chemical characteristic of SCDA is known. Only a limited research has been conducted to date regarding the performance of SCDA compared to commercially available products.



2.1. Commercially Available SCDA


Despite subtle variations, the general usage guidelines available for each product shows the lack of research conducted on SCDAs. Table 1 shows specifications of commercially available SCDAs, in which only three aspects of each product is specified; water content, ambient temperature, and borehole diameter. Technical data relevant to the performance of SCDA is limited to the manufacturer specifications, those may highly deviate from the actual conditions. According to the conducted experiments on concrete fracturing, Laefer et al. [39], the time required for the first crack varied from 8 to 21 h at 38 and 24 °C, temperatures respectively, whereas the product specification indicates cracking occurs after 10~12 h of injection (Bristar, Table 1). This implies that the product specifications which are given on borehole diameter show extreme variation with experimental data. Boreholes with diameter 6.35 mm were successfully used by Gambatese [36] to generate controlled cracks in concrete, despite that requirement of minimal 32 mm diameter given in the product specification (Betonamit, Table 1).




2.2. Chemical Composition of SCDA


Anhydrite (CaSO4) and calcium oxide (CaO) are the main expansive additives available in SCDA and have been combined with cement [48,49]. ASTM C 845-96 [50] classifies three categories of expansive cement based on its additives as follows.

	
Type K: Anhydrous calcium sulfoaluminate (4CaO·3Al2O3·SO3), calcium sulfate (CaSO4), and calcium oxide (CaO);



	
Type M: Calcium aluminate (CaO·Al2O3) and CaSO4;



	
Type S: Tricalcium aluminate (CaO·Al2O3) and CaSO4.








Though there are many variations in the composition of SCDA reported in the literature [37,39,40,41,42,51], a more common chemical composition (as shown in Table 2) can be found in any type of SCDA with the major proportion of CaO. A low content of MgO is also used to facilitate the formation of clinker in the production process of the material [52] and a low Sulphuric anhydrite (SO3) content is used to regulate the quick and irregular setting of the slurry [53].



The existing large proportion of CaO in the expansive cement means that the formation of hydrates could be similar to that of K type expansive cement. Figure 1 illustrates the expansive compounds generated in the presence of varying ratios of CaO, Al2O3 and SO3. According to that, ettringite is generated at point T and Ca(OH)2 is generated on CaO. High concentration of CaO in the liquid phase of the expansive cement during the hydration process, however, influences the magnitude of ettringite formation [54] and the generation of Ca(OH)2 [51]. It is, therefore, obvious that expansive pressure develops in SCDA is dependent on the degree of hydration of CaO in the demolition agent. The volumetric expansion in expansive cement is therefore caused by hydration of CaO producing Ca(OH)2, ettringite crystals and CaSO4 [40,48,55,56,57,58] leading to a gradual development of expansive pressures in the cement existing under a confinement.



However, volumetric expansion of SCDAs is mainly caused by the exothermic reaction of CaO under hydration as given by Equation (1) [34,40,56]:


   CaO +  H 2  O →   Ca ( OH )  2  + 15.2 ↑ ( kCal / mol )   



(1)







This reaction has been dominated in SCDA through controlling the Al2O3 content of the mixture (Table 2), which therefore results in a CaO hydration based expansion (Figure 1). Molar weight and specific gravity of CaO is 56 and 3.34 respectively and gives a volume of 17 the molar weight (74) and the specific gravity (2.24) of Ca(OH)2 gives a volume of 33. Considering the mass volume relationship of CaO and Ca(OH)2, the volumetric change of CaO during hydration can be expected to be nearly 1.9 times, which is similar to the free volume expansion to two times in SCDA [37]. High concentrations of CaO in the liquid phase of the wet cement mix also increases the rate of formation of ettringite in the cement which further contributes to the volume expansion [59]. The hydration heat of the reaction could reach up to a temperature of 150 °C during the reaction, resulting in a generation of super-heated steam in the SCDA mixture. This, however, may vary under field conditions due to the possible heat dissipation into the surrounding environment [40]. A further volumetric expansion can be observed in SCDA by the formation of ettringite crystals (Equation (2)) which are formed at high concentrations of hydrated lime [48,55,58]:


   4 CaO · 3   Al   2    O 3  ·   SO  3  +   8 CaSO  4  ·   2 H  2  O +   6 Ca ( OH )  2  +   74 H  2  O   → 3 ( 3 CaO ·   Al  2   O 3  ·   3 CaSO  4  +   32 H  2  O )   



(2)








2.3. Quantification of Expansive Pressure Generation


As mentioned, the expansive pressure is generated in SCDA as a result of confinement given by the surrounding materials. Elucidating the expansive mechanism of SCDA requires knowing the initial expansive pressure. To measure this initial expansive pressure of SCDA, to date many complex arrangements have been proposed by various researchers [37,60,61,62]. Harada et al. [37] developed three types of pressure transducers with similar performances; the outer pipe, inner pipe and diaphragm methods, which can be used to find the expansive pressure develop in the SCDA injected borehole. The outer and inner pipe methods were used as indirect methods to compute the expansive pressure. The strain (εθ, circumferential and εz, axial) generated on the surface of a steel pipe with the expansion of SCDA filled within the pipe was measured using strain gauges fixed to the outer pipe. In the inner pipe method, the strain gauges were attached to the inner surface of the pipe and the pipe was placed in a hollow concrete cylinder filled with SCDA. The expansive pressures generating in the outer and inner pipe methods are given by Equations (3) and (4), respectively [37]:


    P =   E  (   k 2  − 1  )    2  (  1 −  ν s 2   )     (   ε θ  +  ν s   ε z   )     



(3)






    p =   E  (   k 2  − 1  )    2  (  1 −  ν s 2   )   k 2     (   ε θ  +  ν s   ε z   )     



(4)




where, E is Young’s modulus of the steel pipe, ν is the Poisson’s ratio of the steel pipe and k, is the ratio of outer diameter to the inner diameter. A pipe with sufficient thickness (k) should be taken to adopt this method to avoid yielding of the material because the expansive pressure can only be calculated as long as the material deforms only in the linear elastic region. To measure the expansive pressure in narrow grooves the third method, known as the diaphragm method was introduced by Harada et al. [37] by using a diaphragm type transducer. The sensor required an initial calibration to be done prior to using in SCDA.



Using the outer pipe method, Hinze and Brown [41] conducted laboratory experiments to evaluate the performance characteristics of SCDA under three factors of water content, ambient temperature, and borehole diameter. The experiments were conducted by pouring expansive cement mixture into steel cylinders and the expansive pressure was calculated based on the principles of thick-walled cylinder theory [63]:


    P =   E ε  (   r o 2  −  r i 2   )    2  r i 2     .    



(5)




where, E is the modulus of elasticity of the steel cylinder, ε is the tangential strain on the outside of the cylinder and inside and outside diameter of the cylinder given by ri and ro respectively. The strain on the external surfaces of test cylinders was measured by a cluster of strain gauges located at mid-span of the cylinders.





3. Factors Influencing the Performance of SCDA


3.1. Influence of Water Content and Degree of Hydration


According to Hinze and Brown [41], the water content is inversely proportional to the expansive pressure generating in SCDA inside a confined volume (as they used a thick cylinder with an inner diameter of 25 mm). A 4% increase in water content showed a pressure decrease of 22% and 23% in ambient temperatures of 22 °C and 34 °C, respectively in SCDA (Figure 2). This negative influence creating by water content on the expansive pressure in SCDA has later been confirmed by many researchers [38,51].



Following the work of Hinze and Brown [41], Hinze and Nelson [38] conducted experiments to improve the performance of SCDA by further reducing the manufacturer recommended minimum water content of 30%. The water content was reduced to 27.7% and the workability of the mix was maintained by using 0.0132 mL/g dose super-plasticizer. The results obtained for tests conducted at 35 °C are shown in (Figure 2), which clearly shows the negative influence created by the water content on SCDA expansive pressure generation. Results of SCDA with 30% moisture content at 34 °C [41] showed a higher rate of pressure generation compared to the results of Hinze and Nelson [38] due to the difference in bore sizes used. According to Hinze and Nelson [38], reduction of SCDA water content, however, only causes a marginal increment in the expansive pressure at the expense of additional material. As far as rock fragmentation is concerned, reduced Water content will only reduce the demolition time slightly and may not be desirable in an economic point of view.



This expansive pressure of SCDA is directly related to its composition, particularly its major compound CaO. Variation of expansive pressure, P (MPa) with the degree of CaO hydration, h (%) has therefore been modelled by Harada et al. [37] (for a certain water content of 25%) as given by Equation (6) and illustrated in Figure 3. Here, the degree of hydration has been written as a function of the degree of CaO hydration, h (%), which is a time (t) and temperature dependent parameter Equation (7) at 20 °C and Equation (8) at 30 °C. This exhibits the significant influence created by the temperature of the expansive pressure and its variation over time:


    P = 128.9      (   h  100   − 0.14  )    1.68      



(6)






     h  100   = t /  (  10.6 + 1.55 t  )     



(7)






     h  100   = t /  (  8.65 + 1.02 t  )     



(8)







An extension of this study was carried out by Soeda and Harada [51] by changing the water content of SCDA. They found that the expansive pressure generated in SCDA is not only Ca(OH)2 quantity dependent but also it is Ca(OH)2 concentration dependent (Figure 3), where at higher water contents a larger degree of hydration is found to be required in SCDA to produce a particular expansive pressures, which will be more comprehensively explained in a later section (volume expansion mechanism of SCDA). As shown in Figure 3, there is a significant deviation in the relationship between the degree of hydration and the expansive pressure of SCDA between the results interpreted by Harada et al. [37] and Soeda and Harada [51]. This may be due to the difference in how the content of Ca(OH)2 was calculated at 100% hydration of SCDA was obtained. The Ca(OH)2 content of SCDA at 100% hydration was obtained by steam curing for 3 days by Harada et al. [37], whereas no specific information on how the content of Ca(OH)2 at the end of hydration is given by Soeda and Harada [51].




3.2. Influence of Ambient Temperature


Hinze and Brown [41] found that ambient temperature is directly proportional to the expansive pressure generated (see Figure 4) in SCDA up to a certain threshold value, after which blowout of SCDA may occur. Similar results have been reported by Harada et al. [37] and Natanzi et al. [40], in which studies blowout of SCDA occurred as a result of elevated hydration heat. According to Harada et al. [37] and Natanzi et al. [40], at high ambient temperatures (19–30 °C), noticeable temperature peaks can be generated in SCDA sometime after the pouring (4~5 h) simultaneously with steep pressure rises (Figure 4a). The temperature spike is often followed by sudden increasing of expansion pressure (Figure 4b). This pressure increment rate is found to be temperature dependent, which increases with increasing temperature, and the behavior could be attributed to the accelerated CaO hydration at higher temperatures.



This temperature influence on SCDA expansive pressure development has been comprehensively studied by Natanzi et al. [40] using two commercially available SCDAs (Dexpan and Bristar) in a 36 mm internal diameter steel pipe under a range of temperatures (low to moderate ambient temperatures). This approach is similar to the procedure adopted by Brown and Hinze [41] and therefore can confidently be compared. Figure 2 shows the results obtained by Natanzi et al. [40] for SCDA Bristar brand and according to that the characteristics of expansive pressure development of SCDAs under low and high ambient temperatures are clearly different. At higher temperatures an intense pressure development can be seen within the first 5 h and under lower temperatures significant pressure development can be seen after 10 h. Further, with a small temperature variation from 19 °C to 21 °C a sudden change in expansive pressure development was occurred (pressure rose from 2 MPa to 19 MPa after 3 h) causing “blowout” of SCDA. This is mainly due to the failure of surrounding material to dissipate heat under high temperatures [41]. Results of Natanzi et al. [40] show the nonlinearity relation of SCDA pressure development with ambient temperature. However, elevated temperatures may not be a critical factor for blowout in the field, as heat can be easily dissipated through the surrounding rock in underground.




3.3. Influence of Borehole Diameter


Though findings show the influence created by borehole diameter is not significant in long-term (24 h) expansive pressure in boreholes [41], the rate of expansive pressure development increases with increasing borehole diameter [36,41]. In this regard, Dowding and Labuz [64] found the effect of borehole diameter to be negligible on the final expansive pressure at 24 h by conducting a series of tests using boreholes with varying diameters. However, they did observe the greater rate of expansive pressure increment in larger diameter boreholes (50 mm) compared to smaller (25 mm) ones. This direct relation of bore diameter on expansive pressure development rate can be explained by the hydration reaction of Ca(OH)2, the common compound in SCDA. Larger diameter holes enable an increase mass of free lime to be hydrated in the borehole. The initiating exothermic reaction increases the temperature of SCDA accelerating the hydration process compared to SCDA filled in smaller boreholes. This confirms that increasing borehole diameter increases the temperature of SCDA, which indirectly relates to the increased degree of hydration, the main determinant of creating SCDA expansive pressure in a confined space [51]. According to Hinze and Brown [41] and Dowding and Labuz [64], irrespective of the rate of the expansive pressure generating in different borehole sizes, the long-term expansive pressure converges to a steady value over time. This maximum expansive pressure is generated with the completion of hydration reaction of CaO after a significant time. This implies that the changing of borehole diameter will only increase the rate. However, when interpreting this information in the context of rocks, the possible final expansive pressures variation with borehole size should be considered, because a reduction in confinement may be caused by varying elasticity moduli of different rocks. For a rock with a large modulus of elasticity, SCDAs can generate high pressures while for weaker rocks the expansive pressure will be lower [34].





4. Volume Expansion Mechanism


In order to explain the mechanism for expansive cement, the swelling theory, and the crystal growth theory are commonly used in the field [65]. The First theory suggests expansion is caused by the water adsorption and corresponding swelling characteristics of the hydrating particles and the latter suggests expansion is caused by the growth of the particles through reacting them with the surrounding solution containing sulfates hydroxides and water. Ghosh [59] relates these two mechanisms to understand the volume expansion occur in SCDA, through using crystal growth theory to explain the formation of hexagonal prism crystals of Ca(OH)2 and swelling theory to explain the formation and elongation of Ca(OH)2 microcrystals around hydrating CaO. Expansion in SCDA was obtained within a short period of time primarily with hydrating free lime in a cement mixture.



The expansive pressure generating mechanism in CaO type expansive cement has been explained using a new mechanism by Chatterji [56], in which the wet cement paste is said to be saturated with the diffusion of Ca2+ and OH− ions forming an alkali solution around the hydrating CaO particles. Initially very fine Ca(OH)2 crystals (10~20 nm) with high solubility are formed in the solution, which subsequently recrystallizes into larger crystals. The larger crystals then grow-up around the hydrating CaO particles at the expense of smaller crystals. When the particle growth is restrained an outward thrusting pressure is generated, which is commonly known as the crystal growth pressure, ΔP, and is given by:


    Δ P =   RT    V m    ln  (     a s     a o     )     



(9)




where, Vm is the molar volume of the Ca(OH)2 crystal, R is the gas constant, T is the absolute temperature, as and ao are the mean activity of the supersaturated and saturated solutions respectively. According to this theory, a larger volume expansion can be expected in the presence of large CaO particles because a larger volume of hydroxide crystals can enclose the particle [56]. However, contradictory to this claim a quicker reaction could take place if smaller particles of CaO were present, due to the increased surface area for the reaction.



The effect of moisture content on expansive pressure development is also critical. The requirement of higher degree of hydration in the presence of greater water contents [51] has been explained by Shalom’s spherical model [55,57,66]. The mechanism described here has a close resemblance to the explanation given by Chatterji [56], which also explains the large pressure increments occur in SCDAs in the presence of lower moisture content. As shown in Figure 5 hydration of CaO results in the growth of solid particles, which come into contact with each other at a point, known as the critical degree of hydration. Beyond this point, further growth of solid particles results in the generation of expansive pressure under a confined condition. At lower water contents, a larger particle density (D1 > D2, Figure 5) is occurred producing smaller distances between neighboring particles [51] and therefore, a lower degree of hydration brings particles into contact enabling early generation of expansive pressures in SCDAs.



The other additives are normally added in various mixing proportions to alter the hydration of SCDA and depending on the type of SCDA the expansive pressure from chemical hydration can be varied in-between 15 min to 24 h [41].The effect of such additive on the expansive pressure is, therefore, worth to examine. According to Dessouki et al. [35], the addition of 15% CaSO4 to SCDA (Betonamit brand) significantly accelerates its volumetric expansion rate, though the maximum expansion is reached at a later stage. Based on the literature of expansive cement, it is evident that the volumetric expansion of expansive cement results from the combined effect of ettringite (a hydrous calcium aluminum sulfate mineral) formation and CaO hydration. In addition to the chemical strength, increasing the particle fineness also accelerates the hydration process [67]. Because of this reason, the fineness of the SCDA used in experiments of Soeda and Harada [51] were in the order of 2200~3000 cm2/g, which is similar to the fineness of C-S-A type and CaO type cement.




5. Soundless Chemical Demolition Agent Generated Crack Propagation


One important thing in determining the applicability of SCDA in rock fragmentation is the fracturing mechanism of the rock, fracture initiation, and propagation, under the expansive pressure generation by SCDA. This fracturing mechanism of rock under SCDA charging has not been studied by many, and the lack of knowledge on SCDA controlled fracturing process in rock is one of the main causes to its poor market value. Unlike other fracturing methods (hydro-fracturing and explosives), SCDAs may exhibit high versatility with controlled crack formation. A desired propagation of the fracture network could be achieved by altering the size and spacing of boreholes and their arrangements [60]. The fracturing mechanism through SCDA is related with the hydro-fracturing process of rocks. Hydraulic fracturing can produce a single fracture splitting the sample into two; whereas multiple radial fractures can be observed around the injection well, where usage of SCDA instead of high-pressure fracturing fluid has the ability to produce a superior network of fractures (Figure 6). Fracture models that can be used for rock fragmentation through SCDA offer valuable knowledge on understanding this enhancement of fracture network through SCDA.



The failure mode of rock under any mechanism of failure is mainly governed by the temperature and the confinement pressure of the subjecting rock. Ductile failures can be occurred in common rocks in underground as sandstone and non-porous silicate rocks at very high confinement pressures (at 100 MPa and 400 MPa) [70,71], whereas the effect of temperature on ductile behavior of non-porous silicate rocks can be caused by melting at grain boundaries at high temperatures (>600 °C) [72]. Such conditions may prevail in the rock condition at deep depths of more than 5 km. However, possible practical application of SCDA conditions may not reach such extreme conditions and therefore it is sufficient to explore the failure mechanisms associated with brittle failure of rock, which can more easily be used to explain fracture mechanics of rock under SCDA charging.



5.1. Brittle Failure of Rock


Brittle failure nature of rock has been extensively investigated in the field [73,74,75,76,77,78,79,80] and five major failure regions have been shown (Figure 7). Among them, region I represent the pre-existing cracks close stage in the rock mass, which is dependent on the geometry and the density of microcracks in the rock mass. The closing of the pre-existing cracks enables the rock to be presumed as a damage free linear elastic material having a linear stress-strain relation (Region II) [77]. This elastic region is followed by a non-linear stress variation region in rock, which consists of a combination of random crack formation, crack growth, and sliding of existing crack faces [81]. Region III or stable crack growth region comes next [77], which normally begins when the stress level is around 50% of the peak strength of the rock mass or at the onset of dilation (Figure 7b).



This crack growth happens parallel to the maximum applied load direction and requires a greater applied load for a further propagation, which therefore does not necessarily cause a strength reduction in the material [77,80]. This phenomenon will be further discussed in fracture models later on in this section. However, increasing density of cracks eventually leads to a point at which crack propagation becomes unstable, which is the starting point of the Region IV, unstable crack propagation. At this stage, the strain is increased with creating sliding faces of formed cracks. A further increase of load causes a temporary strain hardening effect with resulting subsequent failure. Figure 7b illustrates the definition of stress regions under brittle failure of rock with respect to the total volumetric strain,     ε  v o l      and the crack volumetric strain,     ε  c r a c k      obtained by Equations (10) and (11), respectively:


     ε  v o l   =   ε   a x i a l   + 2  ε  l a t e r a l      



(10)






     ε  c r a c k   =   ε   v o l   −   1 − 2 V  E   (   σ 1  −  σ 3   )     



(11)







Depending on the applied stress condition, the rock failure has been divided into three major modes in the literature [82]. It is, however, evident that the failure of rocks is dependent on its ability to resist crack propagation and therefore assessment of rock fracture toughness has been the basis for most of the up to date fracture models. Fracture toughness is, therefore, one of the fundamental material properties that have been used in developing rock fragmentation models. Out of the main modes of crack propagation that consist of a tensile crack opening, shearing and tearing (Figure 8), rock fragmentation using SCDA predominantly causes tensile (mode I) failure due to the hoop stresses developing around the injection well. The stress intensity factor is used to describe the state of stress fields at a crack tip which is used to establish the failure criteria of a material caused by fracturing [83]. Depending on the mode of failure as shown in Figure 8, the stress intensity factor is defined for tensile (Mode I) and shear (Mode II) failure. Since fracturing is initiated by the tensile failure of rock, stress intensity factor in mode 1 failure (KI) can be used to explain the deformation characteristics at the crack tip [84]. In addition, fracture nucleation is assisted by micro cracks oriented at an angle to the direction of radial compression, which is an effect of shearing (mode II). Thus, damage mechanics models developed with mode I and mode II stress intensity factors (KI and KII respectively) will be discussed in this paper in an attempt to find their suitability to assess SCDA assisted rock fragmentation.



Quasi-Static Fracture Propagation


The expansive pressure generated by SCDA in a borehole develops compressive stresses in the radial direction and tensile stresses tangential to the borehole creating a fracture at a point located on the inside surface of the hole with minimal confinement [40] (Figure 9).Though initial cracks appear at the surface of the borehole when the tangential stress reaches the tensile strength of the rock, crack propagation may not occur, because instantaneous tensile stress at crack tip does not exceed the tensile strength of the rock. This is because the applied tangential stress (σθ) reduces with the distance to the borehole (in proportion to the square of the distance) [5].



The mode I stress intensity factor in internally pressurized thick walled vessels (where the internal pressure does not reach the crack tip) can be used to explain the stable crack growth of rock when fractured with SCDA. The fracture propagation of cylindrical rock specimens with the ratio of the outer diameter to the inner diameter (Borehole drilled in the centre of the specimen), k greater than 5 was observed by Harada et al. [5] to study this. Shown in Figure 10 is the variation of Stress intensity Factor KI with increasing crack length along the wall of a jacketed cylinder. For vessels with k > 5, after reaching an initial peak, the value of KI-crack length curve exhibits a negative slope exhibiting an additional pressure requirement for a further crack development. Thus, a stable crack growth with increasing pressure can be observed. It is clear that at L = 0.05 the stress intensity of the fracture in the cylinder exhibits a reducing trend with increasing thickness ratio k. The tests were conducted by increasing for a cylinder with an internal jacket [85]. Thus, the increasing fluid pressure within the borehole does not directly apply a pressure on the propagating crack tip in the cylinder as opposed to an unjacketed situation. This replicates the conditions when SCDA is used in a borehole. When the cylinder has a substantial thickness, the stress intensity at the crack tip diminishes as the crack propagates (beyond L = 0.05), but when the thickness of the cylinder is less (i.e., k < 5) the stress intensity factor increases with increasing crack length L leading to unstable crack growth.



The expansive pressure generating by SCDA results from the confinement given by the surrounding rock. Initiation of a fracture indicates a release of confinement of the rock and a resulting drop in expansive pressure can be observed. An Idealized pressure plot that explains this stable crack growth behaviour is shown in Figure 11, in which Po and to correspond to the initial crack caused by SCDA expansive pressure drop occurs during the cracks propagation. The fracture is propagated only when the tensile stress applied is increased by SCDA expansion.



Thus, unlike in hydraulic fracturing, in which fracturing is observed instantaneously as a result of hydraulic pressure directly acting on the crack tip, in SCDA cracking a stable crack growth can be expected. Figure 12 illustrates the possible crack growth states in some rock materials. Because stable crack propagation with low crack velocities can be observed when fracturing rock with SCDA, the quasi-static conditions can be assumed in fracture modelling.





5.2. Modelling of SCDA Creating Damage Mechanism


There are many damage mechanism models using in rocks, such as continuum damage mechanisms models, micromechanics-based constitutive fracture models and micro crack based sliding crack models. However, the applicability of them for SCDA-based rock fragmentation is questionable and only the micro crack based sliding crack models are likely to be applicable.



Microcrack Based Sliding Crack Models


The expansive pressure developing by hydrating SCDA in an injection well produces radial compressive stresses in the surrounding rock along with tangential hoop stresses. The rock surrounding the injection well is assumed to be fragmented as a result of pre-existing micro crack extension in the presence of these two stress fields. As a result, the mechanism of fracturing rock with SCDA can be best explained by using sliding crack models.



A simple 2D sliding crack model has first been proposed by Brace and Bombolakis [89]. According to this, present cracks in any brittle material extend along a curved path that eventually becomes parallel to the compression axis. Such crack extensions are known as kinks or wing cracks. An initial crack growth model for the extension of wing cracks has been proposed by Kachanov [90] under a compressive stress field by modelling the crack growth with respect to the applied pressure normal to growing wing crack (Table 3). The wing crack was assumed to be initiating from the crack tips of pre-existing microcracks due to the frictional sliding Kachanov [91].



In 1982, Nemat-Nasser and Horii [92] experimentally found the possibility of existing nucleation and propagation of tensile cracks at the tips of existing cracks. Nemat-Nasser and Horii [93] conducted uniaxial compression on plates of a brittle material to investigate the behaviour of a pre-existing planar crack set when it at different orientations to the major principal stress (σ1). The frictional sliding (τ) between the faces was found to produce wing cracks at crack tips, which deviate sharply from the sliding plane and continue to grow steadily towards the axis of major principal stress with increasing compressive strength (see Figure 13). The results are consistent with the basic equation produced by Kachanov [90], according to which the stress required for crack growth increases with increasing length of the wing crack. Results of Nemat-Nasser and Horii [92] was later used in many models as the crack initiation mechanism [94,95,96]. They observed an increasing crack growth after a certain length of the wing crack, which is found to be further accelerated if a tensile stress existed normal to the crack growth direction. According to Ashby and Hallam [97], the existence of a negative confinement ratio (R = −σ3/σ1) may result in unstable crack propagation, because the major principal stress required for crack growth reduces with increasing normalized crack length, l/c (Figure 14). This confirms that accelerated crack propagation in the presence of a far field tensile stress. For the case of expansive pressure generated by SCDA, radial compressive stresses and tensile stresses tangential to the borehole circumference can be observed (Figure 9). Crack growth may occur either radially or in a curved path assisted by tangential hoop stresses applied in the crack opening direction. This implies the possibility of using Nemat-Nasser and Horiis’ [92] plane strain model to describe the failure mechanism of SCDA fracking.



A similar model has been developed by Ashby and Hallam [97] by considering the mode 1 failure of brittle materials. The model exhibits similar characteristics with Nemat-Nasser and Horii [92] (Figure 13a,b), that overcome one important weak point of Nemat-Nasser and Horii [92] model, which does not account the influence of microcracks coalescence existing in the material for crack propagation. However, according to Rose [98] and Atkinson [84], crack extension in the rock-like material is caused by progressive linking of micro cracks. Thus, the microcrack nucleation and propagation model was extended by Ashby and Hallam [97] and Ashby and Sammis [99] to elucidate the mechanism of crack interaction that leads to a macroscopic failure. According to the model, extension of wing cracks up to neighbouring micro cracks in an array of micro cracks divides the solid into microcolumns, which become slender with the growth of wing cracks. This allows the resultant forces to be treated as axial forces, shear forces and bending moments acting on the column. Provided that the network of fractures are uniformly distributed, the failure of the material can be analysed with a single column (Figure 13d). The governing equations for stress intensity factor including the effect of micro crack interaction are shown in Table 3.



A different mechanism for fracturing of rock due to pre-existing micro cracks has been proposed by Schulson et al. [96]. In addition to the initiation of wing cracks at the tip of existing micro fractures, the influence of additional cracks emanating adjacent to the wing crack (splay cracks) has been considered in the model. Here, failure of the rock mass is assumed to be initiated from the bending of the outermost microcolumn formed by wing crack and splay cracks. The bending is caused by the frictional sliding of the free end of the column ultimately leading to its failure. The microcolumn was assumed to be fixed at one end and free at the initial crack tip as shown in Figure 13c. The failure mechanisms suggested by Ashby and Hallam [97] and Schulson et al. [96] is shown in Figure 13d,e. Material failure results in between two wing cracks in the first, whereas material failure occurs within splay cracks in the latter. However, the results of the Schulson et al. [96] model yielded about two times smaller failure stress than actual measured stress, mainly due to the consideration of a single microcolumn for the crack propagation and neglecting the frictional resistance gained by the adjacent columns, which in whole underestimated the failure stress of the material.



This frictional influence of adjacent microcolumns on the failure of rock was therefore considered by Renshaw and Schulson [95] and found a twofold lesser failure stress compared to Horii and Nemat-Nasser [93] Ashby and Hallam [97] models. However, crack growth in all of these studies has been arrested at similar crack lengths when compressive forces normal to the crack growth direction present. As shown in Figure 14, under positive confinement ratios (R > 0) an exponential growth in normalized vertical stress can be seen beyond a particular crack length. Therefore, if an adequate hoop stress is developed around the injection well of a rock by the expansive pressure of SCDA, tensile stresses (R < 0) act perpendicular to the direction of crack growth further facilitating crack growth.



Ashby and Hallam [97] incorporated the effect of initial damage Do of the sample to the stress intensity equation (see Table 3) to properly describe the effect of crack interaction. However, this model failed to capture the effects due to the growth of damage in a rock mass and therefore was improved by Ashby and Sammis [100] by defining current damage D, which incorporates the effect of the extended wing cracks in the fracture model (Table 3). This 2D crack model was effectively extended to a 3D crack growth model by Ashby and Sammis [100] with the assumption that cracks initiated from the periphery of penny-shaped inclined cracks and the initial population of cracks have the same size.



Limiting factor of these developed models is that they are applicable only under proportional loading, where a constant confinement ratio is maintained under principal stress states as shown in (Figure 13a–c). For the purpose of describing the fracture mechanism of SCDA, the sliding crack models can be applicable with the assumption that tangential tensile stresses around the injection well proportionally increases with the radial compressive stress.



In 2008, Deshpande and Evans [101] generalized the damage model developed by Ashby and Sammis [100] for arbitrary stress states by incorporating stress intensity factor KI in terms of the first two stress invariants of the stress tensor (Table 3). Since, brittle materials exhibit plastic failure under high confinements and high strain rates (∼1000 s−1), this plasticity behaviour was also incorporated by Deshpande and Evans [101] model. Additionally, the model can also be used to describe the failure mechanism of brittle materials at both quasi-static and dynamic loading conditions, which is, therefore, applicable for SCDA fracking, because of the slow volume expansion rates in SCDA, a quasi-static (1 × 10−3~1 × 10−2 s−1) condition can be expected in SCDA fracking.



In this model, Deshpande and Evans [101] divided the behaviour of materials with initial microcracks under three different regimes of compression ratios:

	
Regime I: no relative sliding along the faces of the inclined crack implying sufficient confinement is provided to keep the flanks of the wing cracks shut and material behaviour is similar to that of an intact material



	
Regime II: frictional sliding along the faces of the inclined crack causing wing crack extension



	
Regime III: loss of contact between the faces of the inclined crack caused by the sufficiently tensile mean stress σm and the crack propagation is caused purely by mode I failure.








All these three regimes can exist in a rock when fractured using SCDA depending on the orientation of the pre-existing micro cracks in the rock mass with radial compression and tangential tensile stress fields. As shown in Figure 15, crack growth can be observed in the radial direction. At lower confinement propagation of radial cracks could be due to a combination of both regime II and regime III (low confining stresses permit the development of tangential tensile stresses around the borehole) and at higher confinements, the rock fracture predominantly occurs through regime II (large confining stresses keep the microcrack faces in contact).






6. Optimum Usage Strategies for Soundless Chemical Demolition Agent


Optimum usage of SCDA is quite important in reducing the cost associated with the process and improving the fragmentation process. In this regard, borehole characteristics as diameter and spacing play a major role as expansive pressure development is occurred in there. However, to date, only a limited research has been conducted to find the optimum borehole spacing for a maximum usage of SCDA fracturing process [34,60,102,103,104]. Gomez and Mura [60] proposed a model to find the optimum borehole spacing (S) as follows:


   S = k D   



(12)




in which, D is the borehole diameter and k is an experimental coefficient based on physical properties of different rock types and expansive cement given by Equation (13):


   k =    π   8       {    4  μ *   (  1 +  ν *   )  ω   [ μ ( 1 − 2  ν *  ) +  μ *  ]  σ c     }    1 / 2     



(13)




where, σc is the fracture stress of the rock; ω is the free expansion strain of the SCDA; μ, ν are the shear modulus and Poisson’s ratio of the rock material; and μ*, ν* are corresponding quantities of SCDA filled hole. The experimental value of k is found to be less than 10 for hard rocks, 8 < k < 12 for medium hard rocks and 12 < k <18, for soft rocks.



A model proposed by Jin et al. [104] expressing the bore hole spacing (S) as a function of the expansive pressure of SCDA (p) tensile and compressive strengths of rock (σt and σc) as follows:


   S = 2 D p  (     σ c  −  σ t     σ c   σ t     )    



(14)







A modified version of the Equation (14) was proposed by Wang et al. [103] to extend the model for more generous way as follows:


   S = 2 D p  (     σ c  −  σ t     σ c   σ t     )  β   



(15)




where, β is an empirical coefficient which has the values 1, 0.5, 0.3 for rock, concrete and reinforced concrete, respectively.



Arshadnejad [34] proposed Equation (16), more accurate expression, to find the optimum borehole spacing (S) for rock fragmentation taking into account the tensile strength(σt), time(t) taken to reach an expansive pressure (p) in the borehole at which failure takes place, elastic modulus of the rock (E), diameter of the borehole (D) and the mode I rock fracture toughness (KIC):


   S =  [  − 0.285    (   P   σ t     )   2  + 3.5  (   P   σ t     )  − 7.2  ]     t  2.7    E  0.82    D 2     K  I C  2      



(16)







Though this model considers more variables in determining the borehole spacing compared to the other models, it still fails to capture the influence of one important fact, confining stresses acting on the rock mass, to date none has modeled to the best of our knowledge.



In Addition to the borehole spacing, the bore hole pattern also significantly affects the fragmentation characteristics using SCDA and therefore Laefer [39] using 38 mm diameter boreholes in large 32 concrete blocks with varying compressive strengths studied the crack propagation in concrete. The observed crack shape variations are shown in Figure 16. According to which, the majority (65%) of the samples exhibit y shaped cracks with an angle around 120° between each crack and the samples tested at an elevated ambient temperature (39 °C) showed greater crack density with multiple cracks generating from the borehole (Star pattern). This can be attributed to the greater degree of hydration occurring at higher temperatures resulting in a greater expansive pressure generation, which in turn produces a higher number of cracks. After the formation of the initial crack, other two cracks in the specimen was found to be formed due to the bending moments resulting in the fractured specimen. This bending moment is found to be maximum at 120° angle direction from the initial crack and is caused by the expansive pressure of the borehole and the friction between the borehole surface and the hardened agent [5]. Considering this direction of fracture propagation, Harada et al. [5] recommended a hexagonal borehole pattern to optimize the fracture density of rock.



Gambatese [36] used a different approach for an optimum SCDA fracking through reducing the usage of SCDA by introducing non-injected boreholes in the formation. According to their experimental research, crack migration towards non-injected boreholes is around 35% in a grid of 6 × 6 boreholes and reduced to less than 10% as the number of boreholes reduced to a grid of 3 × 3 in the same formation area. This shows the possibility of reducing SCDA usage through incorporating no injected boreholes. This is however required to be counter checked with the additional cost of drilling.



Hinze and Nelson [38] researched the possibility of enhancing SCDA performance by combining it with different additives, where expansive pressure reduction was observed after combining SCDA with different proportions of sand. It was found that replacing up to 50% of SCDA with sand does not create any significant drop in the expansive pressure generation (a reduction of 14% from 28.7 MPa to 24.6 MPa at 24 h). Further, a reduced the water content of SCDA to 27.5% from 30% was found to yield a 20% increment in expansive pressure generation after 24 h of mixing.




7. Potential Applications of Soundless Chemical Demolition Agent


Current usage of SCDA has been limited for rock quarrying due to the lack of understanding of the SCDA behavior in the fracturing process. It has mainly been used for demolition purposes in environments that are sensitive to excessive noise and vibration [105]. Substantial expansive pressures generating by SCDA, however, means it can be utilized in a number of many other applications.



The potential application of SCDA in hard igneous rock specimens subjected to uniaxial compression was investigated by Musunuri and Mitri [106] and obtained promising results which indicate SCDA can be effectively used for the fragmentation of uniaxially loaded rock specimens. A further development in the possible application of SCDA in shale fracturing for gas recovery has been studied by Guo et al. [107]. The experiment was conducted by drilling horizontal boreholes in horizontally and vertically confined shale samples and charging them with SCDA and found that volumetric fracturing with a complex fracture network could be made when multiple boreholes are used to fracture with SCDA. The expansive pressure of SCDA continues to develop even 4 days after mixing as long as a confinement is provided in the borehole [40]. Further hydration of CaO in SCDA results in a loss of confinement, at which point SCDA will gradually expand becoming highly porous material with reduced cohesion and eventually disintegrating into a fine powder (Figure 17). This behavior of SCDA can be used for a continuous fracturing process in unconventional gas reservoirs and the disintegration of the SCDA means there will not be any fluid flow obstruction in the well upon fracture completion. In comparison to conventional methods of hydrofracturing, fracturing using SCDA will largely reduce the required large quantities of water, downhole tools, extra fracturing pump trucks and therefore greatly reduces the total operational cost [107]. Unlike in hydraulic fracturing, there will not be any fluid-solid interaction in the rock mass during SCDA fracturing. Thus, SCDA fracking will result in reduced fracture length. However, this can be overcome by drilling additional boreholes in the reservoirs, which also creates a greater crack density. On the other hand, localized high-density cracks formed by using SCDA ensures that unlike in hydro-fracking, undesired cracks in gas and oil reservoirs which can cause complex issues such as ground water contamination are inhibited.



The applicability of SCDA on the fracturing of rock has been studied by Guo et al. [69] by manipulating the gradual pressure development in SCDA to quantitatively characterize the growth of fracture network in an array of rock specimens ranging from Granite to siltstone. The surface fracture density in the experiment was found to be decreased with rock hardness, which varied from 17.2 m−1 for sandstone to 9.3 m−1 for granite. Depending on the orientation of rock discontinuities, complex fracture patterns were observed. Propagation of such complex fracture networks in the presence of bedding planes and other natural fractures means SCDA has the potential to improve the permeability of unconventional gas and oil reservoirs and orebodies during in-situ leaching (ISL) process.



Currently, shale gas recovery is limited by the method of hydraulic fracturing which involves large water pumping facilities and is subjected to a large public opposition. Fracturing using SCDA has comparatively less environmental impacts due to the volume expansion mechanism and post fracture disintegration nature of SCDA. If properly developed SCDA can be an effective alternative for hydraulic fracturing. Furthermore, at present ISL of minerals are limited to orebodies in porous, sedimentary rock masses. Most minerals with commercial value are originated in hard rock deposits. For instance, all of the accessible lithium in Australia occur in dense igneous pegmatite deposits [108]. In conventional methods of mineral recovery, nearly 70% of the cost of mining is spent on mineral extraction through mechanical crushers [30] and therefore fracturing using SCDA coupled with ISL could largely cut down the operational costs associated with overburden removal, transportation and mineral liberation in conventional mining.




8. Limitations and Possible Improvements for Soundless Chemical Demolition Agent


There are, however, many limitations existing with using SCDA in subsurface applications of deep mining and hydraulic fracturing. Thus, it is worth to know the cost of applications depending on its application.



8.1. Washout Possibility


Although there are many opportunities to use SCDA in deep earth applications, a major concern which has not yet been addressed is its poor applicability in saturated and saline rock formations. When SCDA mixed with water it forms a viscous slurry and like most cement slurries SCDA, therefore, washout in underwater applications. At present, no plausible method is available for the application of SCDA in underwater. Viscosity enhancing admixtures (VEA) are one option that can be considered to reduce the effect of washout. VEA’s mainly based on natural polymers as welan gum, xanthan gum gellan gum and semi-synthetic polymers such as hydroxypropyl methylcellulose, hydroxyethyl cellulose, and carboxymethyl cellulose [109,110,111]. Experimental studies conducted on Portland cement by combining 0.05%–0.2% of VEA by mass of cement has exhibited favorable results with enhanced resistance against washout. However, the behavior of SCDA with the combination of VEA’s has not yet been considered yet. Further, based on the proposed applications of SCDA, Calcium compatible and high-temperature tolerant welan gum, an anionic, high molecular weight polysaccharide is a probable candidate to enhance anti-washout properties of SCDA. The performance of VEA (welan gum) under saline conditions of oil fields has been tested by Xu et al. [112] and found that rheological properties of welan gum are weakened by saline conditions. The effect of salinity on SCDA water dilution resistance is really worth to investigate to enhance the performance of SCDA in submerged conditions.




8.2. Flowability and Injectability


SCDA reduces its fluidity rapidly after mixing. This is due to the low water content (30%) in SCDA to gain maximum expansive pressure. If SCDA is to be injected in boreholes to form fractures the slurry has to maintain workability for prolonged periods. The addition of high range water reducing admixtures (HRWR) to SCDA has been previously reported in the literature [38,39]. But in both cases, the objective of using HRWR admixture was to further reduce the water content of the SCDA mix which contributes to the increase of expansive pressure generation. The sodium salt of naphthalene formaldehyde sulfonic acid is used as a superplasticizer in SCDA [39]. The long-chained organic molecules wrap hydrated cement particles and disperse cement particles with electrostatic repulsion [113]. However, increasing amounts of the compound also contributes to reducing the size of ettringite crystals formed during hydration [114], which may negatively affect the expansive properties of SCDA. Naphthalene-based HRWRs also show compatibility to be mixed in conjunction with welan gum [109] and it is essential to determine optimum mix proportions of both VEA and HRWR to produce a slurry sufficiently viscous to resist the water dilution while maintaining its fluidity.




8.3. Performance in Deep Underground Conditions


Deep reservoirs mostly consist of high saline brine and elevated temperatures. The effect of salinity on SCDA has not yet been tested properly. Nevertheless, experimental studies have been conducted on cement in high temperature and saline conditions [115]. Similarities in the mineralogy of cement and SCDA allows predicting the performance of SCDA in such conditions by observing the reactions of cement. Zhou et al. [115] found deterioration of ordinary Portland cement hydration characteristics with increasing concentrations of NaCl [115,116,117] and a similar effect can be expected for SCDA. Contradictorily Teodoriu and Asamba [118] have reported 5% NaCl concentration by weight of water enhanced the Ca(OH)2 hydration process. At this concentration, similar to CaCl2 (which is an accelerator) NaCl acts as a catalyst for the precipitation of insoluble Calcium salt, which maintains a low Ca2+ concentration in the solution. Thus, the dissolution of CaO is accelerated which results in Ca(OH)2 hydration. Consequently, such concentrations of NaCl could effectively increase the expansive pressure generation of SCDA.



Another important aspect which will determine the performance of SCDA in subsurface applications is the need to overcome large confining pressures around boreholes due to in-situ stresses. The performance of SCDA tested under uniaxial conditions by Musunuri and Mitri [106] has not been extended to address the behavior of SCDA under large in-situ stresses. However, when evaluating the behavior of SCDA under large confinements, the effect of temperature with increasing depth has to be incorporated as it may be a vital component in enhancing the expansive pressure generated by SCDA. On average the global geothermal energy gradient varies from 20 °C/km to 30 °C/km [119]. For deep mining applications, the volatility of SCDA has to be studied with respect to the rate of hydration. Where SCDA require few hours (5–9 h) to produce the desired expansive pressure for fragmentation of rock at ambient temperatures, it is possible that due to the elevated temperatures in deep underground formations (shale gas and oil reservoirs, 1–3 km deep) SCDA can react at a more rapid rate. The behavior of SCDA under such high temperatures is not reported in the literature and need to be researched.





9. Conclusions


This study reviews up to date research on soundless cracking demolition agents (SCDA) application on rock fracturing including its limitations and strengths, possible applications in the petroleum industry and the possibility of using existing rock fragmentation models for SCDA based fracking. According to the conducted extensive review.

	
Though SCDA method is an effective alternative for conventional rock fragmentation methods such as hydraulic fracturing and explosive blasting (those having proven environmentally detrimental repercussions), there is a lack of research conducted on this aspect which is confirmed by the poor standards available on SCDA usage.



	
During the fracturing process, inside confined quarters SCDA is subjected to huge volumetric expansion as a result of the associated chemical reaction (CaO hydration) and generates a large expansive pressure. Though this expansive pressure can be effectively used for the rock fragmentation process, proper quantification of it is necessary for a controllable effective rock fragmentation process. To date, several methods have therefore been reported in the literature to quantify the expansive pressure generated by SCDA, out of which the most widely used method being the outer pipe method.



	
Quantifying the expansive pressure is complex due to its dependency on many factors including, water content, temperature and the arrangement of boreholes and its diameter. Among them, water content has a dominant influence on expansive pressure generation in SCDA, where high water contents require a higher degree of hydration of Ca(OH)2 to generate a particular expansive pressure, which therefore has a negative influence on expansive pressure generation. This Ca(OH)2 hydration process, however, also depends on the ambient temperature and borehole diameter, which are basically related to the heat of hydration in SCDA. The correlation between water content, temperature, and well diameter, degree of hydration and expansive pressure development has been well explained using Shalom’s volume expansion mechanism for SCDA.



	
Having a precise understanding of the fracture propagation mechanisms when using SCDA is imperative due to the generation of complex fracture networks by SCDA fracking in rocks. To date, some micromechanics based sliding crack models have been developed based on the tangential and radial stresses acting on the surrounded rock mass (conditions similar to boreholes charged with SCDA) and show the compatibility of SCDA fracturing mechanisms with the quasi-static fracturing mechanism that occur in Mode I type tensile failure.



	
However, available fracture models in the literature haven’t been developed exclusively for SCDA fracturing and instead existing micromechanics based fracture models have been used to identify the crack initiation, propagation and arrest criterions occur during the SCDA fracking.



	
The effect of borehole diameter, spacing and the arrangement on expansive pressure generation and corresponding fracture network generation play a significant role in SCDA fracturing process and effective handling of them would make way to create an optimum fracture network in a targeted rock formation and therefore has been largely considered in the literature with many proposed models.



	
SCDAs can be effectively utilized in many petroleum engineering (unconventional oil and gas recovery) and mineral processing (in-situ leaching of minerals) applications and such application can be promoted through manipulating the ability of SCDA to form controlled fracture networks. However, further extensive investigation of the performance of SCDA with respect to its potential applications are in need, particularly considering the issues in using SCDA such as washout effects in deep saturated rock high strata temperatures and high salinity in saline aquifers.
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Figure 1. Expansive compounds present in cement [48]. 
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Figure 2. Variation of expansive pressure of SCDA with moisture content and ambient temperature [38,40,61]. 
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Figure 3. Variation of expansive pressure generated with degree of hydration [37,51]. 
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Figure 4. Effect of ambient temperature on expansive pressure (a) Temperature variation of SCDA with time; (b) Expansive pressure variation of SCDA with time [37,40]. 
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Figure 5. Shalom’s sphere model for expansive mechanism of Ca(OH)2 [66]. 
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Figure 6. Crack pattern comparison (a) a single crack in hydraulic fracturing [68]; (b) multiple radial fractures with SCDA [69]. 
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Figure 7. (a) Typical stress-axial strain development of rock under brittle failure [80]; (b) Variation of volumetric strain with Axial strain under brittle failure [77]. 
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Figure 8. Modes of crack propagation. 
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Figure 9. Fracture propagation from borehole (modified after Harada et al. 1989). 
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Figure 10. Variation of Stress Intensity Factor with respect to crack length [85]. 
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Figure 11. Possible pressure growth with time [64]. 
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Figure 12. Crack growth states in rock materials. Subcritical crack growth after Atkinson [86], Lockner and Madden [86,87] and dynamic crack growth, after Bieniawski [88]. 
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Figure 13. Simple 2D microcrack models developed [92,95,96,97]: (a) Nemat-Nasser and Horii wing crack model [92]; (b) Ashby and Hallam wing crack model [97]; (c) Renshaw and Schulson wing crack model [95]; (d) Failure mechanism proposed by Ashby and Hallam [97]; (e) Failure mechamism proposed by Schulson [96]. 
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Figure 14. Wing crack growth (l/c) variation with confinement ratio. Crack arrest lengths of Renshaw and Schulson (R-S) [95] and Ashby and Hallam [97]. 
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Figure 15. Failure regimes in rock fracturing using SCDA: (a) Possible failure regimes due to fracture orientation; (b) Observed fracture pattern from SCDA charging. 
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Figure 16. Observed crack patterns for SCDA assisted cracking [39]. 
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Figure 17. Disintegration of SCDA. 
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Table 1. Types of commercially available SCDAs.
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Product

	
Performance

	
Usage Instructions

	
Borehole Specification






	
Betonamit [43]

Type R—liquid; for easy injection.

Type S—Putty; for horizontal bore holes and when holes saturated with water

	
Cracking observed 12 h after injection [36]

Maximum expansive pressure unavailable

Recommended temperature from −5 °C to 35 °C

	
For fracturing of Limestone, Granite and Concrete.

Water content of 20%

Use within 5 min after mixing

	
Bore hole depth, h

4 × dia. < h < 3 m

Drill depth 60~75% of desired crack depth.

Spacing, 300~600 mm




	
Ambient

	
Max water

	
Material usage

	
Borehole diameter, D (mm)

	
temp. (°C)




	
temp. (°C)

	
temp. (°C)

	
Weight (kg/m)

	
Diameter (mm)




	
−4~4

	
43

	
2.2

	
38.0

	
38.0

	
−4~4




	
4~14

	
29

	
1.7

	
35.0

	
35.0~38.0

	
4~14




	
14~22

	
18

	
1.5

	
32.0

	
32.0~38.0

	
14~22




	
22~27

	
4

	

	
32.0~35.0

	
22~27




	
27~35

	
4

	
32.0

	
27~35




	
Bristar [44]

Bristar 100

Bristar 150

Bristar 200

Bristar 300

	
Cracking observed 10~12 h after injection

The expansive pressure of 30 MPa at room temp. after 16 h of injection

Recommended temperature from −5 °C to 35 °C

	
For fracturing of rocks.

Water content of 30%

Use within 10 min after mixing

	
Drill depth 80% of desired crack depth.

Bore hole depth, 3D < h

Spacing, hard rock 400~600 mm

soft rock 500~700 mm

Bore hole diameter (mm)

36 < D < 50




	
Material usage




	
Ambient temp. (°C)

	
Max water temp. (°C)

	
Weight (kg/m)

	
Diameter (mm)




	
15~35

	
30

	
1.7

	
36




	
10~20

	
15

	
1.9

	
38




	
5~15

	
10

	
2.1

	
42




	
−5~5

	
5

	




	
Dexpan [45]

Dexpan I

Dexpan II

Dexpan III

	
Crack initiation time 2~8 h after injection

	
For fracturing of rock

Water content of 30%

Use within 10~15 mins. after mixing

	
Drill depth 80% of desired crack depth.

Bore hole diameter (mm) D = 38

Spacing, ~300 mm




	
Maximum expansive pressure, 124 MPa




	
Recommended temperature from −5 °C to 40 °C




	
Material usage




	
Ambient temp. (°C)

	
Max water temp. (°C)

	
Weight (kg/m)

	
Diameter (mm)




	
25~40

	
N/A

	
2

	
38




	
10~25

	
N/A




	
−5~10

	
N/A




	
Expando [46]

SCA I

SCA II

SCA III

	
Crack completion 24 h

Maximum expansive pressure, 96 MPa

Recommended temperature from 0 °C to 35 °C

	
For fracturing of rock and concrete

Water content of 30%

Use within 10 min after mixing

	
Drill depth 80% of desired crack depth.

Bore hole diameter (mm) 28 < D < 40

Spacing, 300~500 mm




	
Material usage




	
Ambient temp. (°C)

	
Max water temp. (°C)

	
Weight (kg/m)

	
Diameter (mm)




	
20~35

	
N/A

	
1.3

	
32




	
10~25

	
N/A

	
1.5

	
34




	
0~15

	
N/A

	
1.8

	
38




	
Ecobust [47]

Type 1

Type 2

Type 3

Type 4

	
Maximum expansive pressure, 137 MPa

Recommended temperature from −8 °C to 35 °C

	
For fracturing of rock and concrete

Use within 10 min after mixing

	
Drill depth 90% of desired crack depth for rock.

Bore hole depth, 2D < h

Bore hole diameter (mm) 38 < D < 50

Spacing, hard rock 200 mm

soft rock 400 mm




	
Material usage




	
Ambient temp. (°C)

	
Max water temp. (°C)

	
Weight (kg/m)

	
Diameter (mm)




	
20~35

	
N/A

	
1.7

	
38




	
20~25

	
N/A

	




	
5~15

	
N/A




	
−8~5

	
N/A
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Table 2. Chemical composition of SCDA [37,39,42].







Table 2. Chemical composition of SCDA [37,39,42].







	
Chemical Components

	
Percentage by Mass (%)






	
SiO2

	
1.5–8.5




	
Al2O3

	
0.3–5.0




	
Fe2O3

	
0.2–3.0




	
CaO

	
81–96




	
MgO

	
0–1.6




	
SO3

	
0.6–4.0
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Table 3. Sliding wing crack models.







Table 3. Sliding wing crack models.







	
Refs.

	
Governing Equation

	
Remarks






	
[90]

	


    σ ′  = k  τ    2 c / l     −    K  I C        π 2  l       








σ′ = Stress acting normal to wing crack resulting from the major and minor principal stresses (σ1, σ2)

l = wing crack length

2c = initial flaw length

τ = Shear stress on the crack surface resulting from σ1 and σ3 (Figure 13 Simple 2D microcrack models)

k ≈ 1.15 (variable)

	
The basic model developed by including the length of wing crack to determine the crack growth stress.




	
[92]

	


    σ 1  =    3   k  I C       π c    [  R  (    1 +  μ 2    + μ  )  −  (    1 +  μ 2    − μ  )   ]      








Crack initiation stresses given when the length of the wing crack is zero

	
2D model for crack initiation from pre-existing micro-fractures in the material. Sliding of crack faces causes mode 2 failure in crack tip initiating wing cracks.




	
[99]

	


    σ 1  =    K  I , 1   /   π a     −  L   1 2     {    1.1  (  1 − 2.1 R  )       (  1 + L  )    3.3     − R  }      








Stress intensity factor from a single crack


    σ 1  =    K  I , 2     −    2   π   f A   1 2       (  L + 1  )     1 2       σ 1    π a      {   [  1 −  8 π   f A  R    (  L + 1  )   3   ]   [  1 −  2 π   f A  R    (  L + 1  )   3   ]   }    1 / 2       








Contribution to stress intensity factor from crack interaction


    K  I C   =  K  I , 1   +  K  I , 2     








L = l/a

a = radius of micro-pore

R = σ3/σ1


    f A  =     π a  2   N A    








NA = Number of initial micro-pores per unit area

	
Development of a fracture model for failure of brittle solids considering the interaction between cracks. Cracks are assumed to be initiation from micro-pores within the solid. Total stress intensity factor is a combination of a single crack growth and the effect of neighboring cracks.




	
[97]

	


    σ 1  =   −  K  I , 1    3      π c    [   (  1 − R  )  −    (  1 +  μ 2   )     1 2    −  (  1 + R  )  μ  ]      








L = l/c

R = σ3/σ1

Additional contribution caused by crack interaction


    σ 1  =   −  K  I , 2        2   π    D o    1 2       (  L +  1   2     )     1 2      π c      [   (  1 −  8 π   D o  R    (  L +  1   2     )   3   )  ( 1 −  2 π   D o  R    (  L +  1   2     )   3  )  ]     1 2         K  I C   =  K  I , 1   +  K  I , 2      








Do = initial damage

Do = πc2 NA

NA = Number of initial cracks per unit area

	
Similar to Nemat-Nasser and Horii [ 92] 2D model. The crack initiation model is extended by considering the additional contribution to the stress intensity due to bending of columns caused by crack interaction.




	
[100]

	
Do = π (αc)2 NA (initial dammage)

D = π (l + αc)2 NA (Curent damage)

α = cos(45°) (for cracks inclined 45° to the major principal stress)

2D crack extension model


      σ 1    π c      K  I C     =      σ 3    π c      K  I C      [   C 1   (  1 +  (     π    D o  2    1 −  D   1 2       )   (     D   D o      − 1  )   )  +  C 3   (     D   D o      − 1  )   ]  −  C 2     (     D   D o      − 1 +  β α   )    1 / 2     1 +    π      D o    1 2      1 −  D   1 2       (     D   D o      − 1  )      








3D crack extension model


      σ 1    π c      K  I C     =      σ 3    π c      K  I C      [   C 1   (  1 +  (    2   D o   2 / 3     1 −  D  2 / 3      )     (     (   D   D o     )     1 3    − 1  )   2   )  +  C 4     (     (   D   D o     )     1 3    − 1  )   2   ]  −  C 4     (     (   D   D o     )     1 3    − 1  )   2    1 +     2   D o   2 / 3     1 −  D  2 / 3        (     (   D   D o     )     1 3    − 1  )   2      










    C 1  =      (  1 +  μ 2   )     1 2    + μ      (  1 +  μ 2   )     1 2    − μ      C 2  =     3 α   / β        (  1 +  μ 2   )     1 2    − μ       C 3  =       3 / β        (  1 +  μ 2   )     1 2    − μ       C 4  =     2  α 2    3 / β        (  1 +  μ 2   )     1 2    − μ      








β = parameter required adjusting to match experimental data

	
Incorporates damage evolution into the model by including the length of wing crack l at constant confinement.

The 2D crack model was extended to a 3D penny-shaped crack propagation model




	
[96]

	


    σ f  =    K  I C        (  3 α l  )    0.5   ( Sin θ Cos θ −   μ Sin  2  θ )     








θ = angle between the initial flaw and the direction of major principal stress

α = l/w (Figure 13)

	
Applicable when only under uniaxial compression. Failure initiated from bending of microcolumns generated by splay cracking.




	
[95]

	


    σ f  =   2  K  I C      c     [     (  1 +    (  1 − μ     1 + R   1 − R    )     2 3     )     1 2    − 1  ]     1 2       (  1 + 3  μ 2   α 2   (  1 −  R 2   )   )     1 2        










    l c  =     1 − R −   μ  (  1 + R  )    4.3 R     








α = h/w (Figure 13)

	
Developed from the Schulson et al. [96] model. Incorporates the frictional effect of adjacent microcolumns to model failure. Applicable under confined conditions when:


   R =   σ 3   σ 1     R <  (  1 − μ  )  /  (  1 +   μ  )     








and higher R-values prevent frictional sliding.




	
[101]

	
σm = (σ1 + σ3)/2 α = cos(45°) β = 0.1

σe = √3/2 (σ3 − σ1)γ = crack shape factor


   R =    σ m     σ e    =   A B    C 2  −  A 2         K I      π c     = A  σ m  + B  σ e     A =  c 1   (   c 2   A 3  −  c 2   A 1  +  c 3   )     B =    c 1     3       (   c 2   A 3  +  c 2   A 1  +  c 3   )      A 1  =   π    β 3     [     (  1 +  μ 2   )     1 2    −   μ  ]      A 3  =  A 1   {       (  1 +  μ 2   )     1 2    +   μ      (  1 +  μ 2   )     1 2    −   μ    }      c 1  =  1   π 2   α   3 2       [     (   D   D o     )     1 3    − 1 +  (   β α   )   ]    3 / 2         c 2  = 1 + 2    [     (   D   D o     )     1 3    − 1  ]   2   (     D o   2 3      1 −  D   2 3       )      c 3  = 2  α 2   π 2     [     (   D   D o     )     1 3    − 1  ]   2     








Regime I

    K I  = 0   ,    R =  σ m  /  σ e  ≤ − B / A   

Regime II


      K I      π c     = A  σ m  + B  σ e    








Regime III


      K I      π c     =    (   C 2   σ m 2  +  E 2   σ e 2   )    1 / 2     C =  (  A +   γ   α    (   D   D o     )     1 3       )   σ m      E 2  =    B 2   C 2     C 2  −  A 2       









	
A generalized model for arbitrary stress states developed from Ashby and Sammis [100] model. Defines three regimes for applied confinement ratios depending on the crack surface interactions.
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