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Abstract

:

Pillar stability is an important factor for safe working and from an economic standpoint in underground mines. This paper discusses the effect of blast damage on the strength of hard rock pillars using numerical models through a parametric study. The results indicate that blast damage has a significant impact on the strength of pillars with larger width-to-height (W/H) ratios. The blast damage causes softening of the rock at the pillar boundaries leading to the yielding of the pillars in brittle fashion beyond the blast damage zones. The models show that the decrease in pillar strength as a consequence of blasting is inversely correlated with increasing pillar height at a constant W/H ratio. Inclined pillars are less susceptible to blast damage, and the damage on the inclined sides has a greater impact on pillar strength than on the normal sides. A methodology to analyze the blast damage on hard rock pillars using FLAC3D is presented herein.
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1. Introduction


The most common methods employed in hard rock mines are drilling and blasting. An inherent problem that exists with this method is the damage to the periphery of excavation induced by the blast. Perimeter control and smooth wall blasting have been implemented to reduce blast-induced damage where it is considered an issue and is common in underground civil construction. However, some level of blast damage is inevitable, and this leads to adverse consequences in the form of stability issues in the rock excavations.



Some of the earliest research [1,2,3] stated over-break as the only major consequence of the blast damage. It was defined as the unwanted loosening, dislocation, and disturbance of the rock mass beyond the limits of the intended excavation design. Figure 1 illustrates a clear distinction between the over-break and the blast damage [4]. This paper employs numerical models to consider blast-induced damage as the region beyond the final excavation boundary, where the rock has been damaged by blasting.



Numerous studies have been undertaken to determine the extent of the blast damage on rock excavations [5,6,7,8,9]. General theories were developed to determine the extent of the damage zone from small-scale and field-scale investigations based on explosive properties, borehole radius, and material properties. Kutter and Fairhurst [5] also found that the stress waves and the gas-generated fractures propagate along the maximum principal stress direction. Ouchterlony et al. [10] have done field studies to determine the blast-damaged zone based on explosive type, charge concentration, and charge diameter. It was concluded that the damaged zone can range from 0.25 to 2.0 m depending on the properties of the rock, such as intact rock mass, jointed rock mass, and heavily jointed rock mass.



Hoek et al. [11] classified the rock damage from blasting by introducing a blast damage factor (D). A qualitative classification was presented with good blasting represented as D = 0 and poor blasting represented as D = 0.8. Sharifzadeh and Pal [12] attempted to quantify the blast damage factor by deducing a relationship between deformation modulus and intact rock modulus by taking the blasting effect into consideration. Torbica and Lapcevic [13] quantified the blast damage by reducing the geological strength index (GSI) by 10 units in the damaged rock zone. It was concluded that the results of the reduced-GSI method were equivalent to that of the D factor, showing that reduced GSI can be used as an alternative for determining the properties of the degraded rock mass.



There are no theoretical methods to account for excavation stability in the tunnels and pillars considering blast damage. Therefore, numerical modeling is one of the most appropriate method to observe the effect of blast damage on excavations when the model parameters, rock properties, and constitutive models are employed properly. Shen and Barton [14] described the damaged zone with increased jointing and evaluated the stress distribution around the tunnels with the help of discontinuum modeling UDEC. Saiang [15] evaluated the properties of the rock in the blast-damaged zone with the discrete element modeling PFC2D. These properties were used in FLAC to perform a parametric study on the properties affecting the stress distribution of the tunnels. Blast damage thickness had a moderate effect, and deformation modulus had a high effect, on the stress distribution in the tunnels. Mitelman and Elmo [16] developed a hybrid element discrete modeling approach to study the induced damage in tunnels. Phase2 was used to demonstrate the blast effect on the tunnels where the degraded rock properties were used for only the specified thickness of the blast zone [13]. In these studies, the periphery of the tunnels was simulated by reducing the intact rock properties of the blast-effected zone.



Baharani et al. [17] conducted finite element analysis on pillars in a hypothetical case study considering the blasting effect. It was concluded that the slender pillars are prone to strain bursting, and the strength of the wider pillars is affected by drill and blast methods. It was also shown that the yielding of the pillar side walls is higher due to blast damage. Limited study has been conducted on pillars with blast damage. Therefore, in this paper, a parametric study of the damage factor and damage thickness over different pillar dimensions was conducted to understand the blast damage effect on the strength of the pillars.




2. Theoretical Background


Pillar design theories are predominantly concerned with the factor of safety, which is the ratio of pillar strength to the maximum pillar stress. This approach ignores aspects such as the following:




	
The presence of geology and water;



	
A weak roof or floor;



	
The effects of blasting;



	
The dip.








To overcome these other, often-ignored parameters, a higher factor of safety is adopted, such as 1.4 for hard rock pillars [18].



To date, many studies have been conducted to develop empirical approaches to the study of hard rock pillar strength [19,20] in different rock types. Lunder’s approach [18] is considered one of the most prominent empirical approaches that has been used to design pillars. It is given as:


    σ p  = K × U C S ×  (   C 1  +  C 2  × κ  )    



(1)




where    σ p    is the ultimate strength of the pillar (MPa), K is the pillar size factor, UCS is the uniaxial compressive strength of the intact rock (MPa), C1 and C2 are the empirical rock mass constants, and κ is the friction term, which is calculated as:


   κ = tan  [    cos   − 1    (    1 −  C  p a v     1 +  (   C  p a v    )     )   ]    



(2)






    C  p a v   = C o e f f ×    [  L o g  (   W H  + 0.75  )   ]    1.4  (  W / H  )      



(3)




where Cpav is the average pillar confinement, and Coeff is the coefficient of the pillar confinement.



Past empirical studies were based on a specific database that does not consider the rock mass properties. To improve upon these empirical equations, studies were conducted with numerical models considering the fracture sets [21,22], but blast damage has yet to be considered.



2.1. Blast Damage Zone Properties


Rock properties play an important role in explaining the damage in the blast damage zone. Blasting creates fractures in the blast damage zone that reduce the strength of the rock mass. The most important rock properties affecting blast damage are massive rock modulus, cohesion, and friction [11].



The rock modulus in the blast damage zone is expressed as the degraded rock modulus (Erm), which depends on the intact rock modulus (Ei), damage factor (D), and GSI, [23] is given as follows:


    E  r m   =  E i   (  0.02 +   1 − D / 2   1 +  e   (   (  60 + 15 D − G S I  )  / 11  )       )    



(4)







The most popular forms of numerical modeling have been developed with the Mohr-Coulomb or bilinear failure criterion. For example, the effects of cohesion (C′) and friction (Ø′) on the blast damage zone were evaluated by Hoek et al. (2002) and are given as:


    ∅ ′  =   sin   − 1    [    6 a  m b     (  s +  m b   σ  3 n  ′   )    a − 1     2  (  1 + a  )   (  2 + a  )  + 6 a  m b     (  s +  m b   σ  3 n  ′   )    a − 1      ]    



(5)






    C ′  =    σ  c i    [   (  1 + 2 a  )  s +  (  1 − a  )   m b   σ  3 n  ′   ]     (  s +  m b   σ  3 n  ′   )    a − 1      (  1 + a  )   (  2 + a  )    1 +  (  6 a  m b     (  s +  m b   σ  3 n  ′   )    a − 1    )  /  (   (  1 + a  )   (  2 + a  )   )        



(6)






   σ  3 n  ′  =  σ  3 m a x  ′  /  σ  c i    



(7)




where mb is the reduced value of the rock mass material constant, a and s are the rock structure constants, σci is the uniaxial compressive strength of the intact rock sample, and    σ  3 m a x  ′    is the upper limit of the confining stress.



The degraded rock modulus, cohesion, and friction are the key parameters employed in numerical models of the blast damage zone derived by Equations (5)–(7), while the massive rock properties are the key parameters employed for the zone beyond the blast damage zone.




2.2. Effect of Pillar Height


Pillar height has a considerable effect on the strength of hard rock pillars. The strength of the pillar decreases with the increase in pillar height at a constant pillar width-to-height (W/H) ratio [24]. Many studies have been conducted to understand the effect of size, which shows that at a constant W/H ratio, as the sample size increases, the strength of the sample decreases [25]. Alternatively, at a constant blast thickness, the blast would encompass a larger amount of a smaller pillar and, conversely, a smaller amount of a larger pillar. For example, a 0.25 m blast thickness on a pillar with a height of 1 m and a W/H ratio of 1 would lead to 44% pillar damage, while a blast of the same thickness on a pillar with a height of 2 m and a W/H ratio of 1 would lead to 23% pillar damage. Therefore, it is important to understand the different blast damage that occurs at different pillar heights at constant pillar W/H ratios.




2.3. Effect of Pillar Inclinations


Pillar inclinations lead to inclined loading conditions, and increasing pillar inclination reduce pillar strength [26,27]. In inclined pillars, the pillar sides towards the dip lead to the pillar failure. While blasting affects all sides of the pillar similarly, for inclined pillars, it would be interesting to understand which pillars sides are more susceptible to pillar strength reduction from blast damage. Therefore, the effect of blast damage on the strength of inclined pillars on all the pillar sides, including dip sides and strike sides, is also studied in this paper.



The scope of this paper is to understand the effects of blast damage on vertical as well as inclined hard rock pillars with use of numerical modeling. A parametric study has been conducted with pillar parameters such as W/H ratio, pillar height, and pillar inclination and with blast parameters such as blast damage factor and blast damage thickness.





3. Numerical Modeling


To develop an understanding of pillar behavior with blast damage, FLAC3D 5.0 [28], a finite difference element software, was employed throughout the body of the work. A majority of the studies on ground control, and especially on pillar stability, have employed FLAC3D for its inbuilt, well-developed constitutive models. The extent of blast damage in a pillar depends on the blast factor (D) and blast zone thickness (T). Therefore, these two parameters were varied to understand the response of the models. The results were presented in either normalized fashion or the actual results depending on the factor analyzed. The normalized result is the ratio of pillar strength as affected by blast damage to that of the actual pillar strength.



3.1. Grid Generation


The model was created in a three-dimensional framework with the origin at the center of the pillar, as shown in Figure 2. The horizontal plane of the coordinate system is denoted by x and y axes and the vertical plane by the z axis. The model consists of pillar, main roof, and main floor. The model’s extent in the vertical plane was three times the pillar width to ensure that there were no interaction effects of model boundaries on the pillar. The excavation surrounding the pillar was set at a 75% extraction ratio; therefore, the excavation width is equal to that of the pillar width.




3.2. Mesh Generation and Loading Rate


The mesh size and the loading rates play a critical role in developing the numerical models effectively and are dependent on each other. Mesh size depends on the area of concentration on the pillar that will be helpful in understanding the impact of blast damage on pillar behavior. The blast damage reported in the excavation ranges from 0.25 to 2 m [10]. Therefore, the minimum mesh size should be about 0.25 m × 0.25 m × 0.25 m or less, such that the blast zone thickness of 0.2 m can be analyzed on the pillars.



Loading rate can be either stress-controlled or strain-controlled. It is recommended to use strain-controlled loading rates to obtain reliable stress strain graphs [28]. The model run time and the stress strain curve are dependent on the loading rate. To understand the effect of loading rate, a pillar with W/H ratio of 1.0 was applied with three different loading rates. Table 1 shows that the model run time increases exponentially with decreasing loading rates. Figure 3a shows that with low loading rates, the models obtained good and reliable stress strain graphs.



The loading rate is largely dependent on the mesh size. Past numerical studies on pillars have adopted large meshes [29,30,31] and therefore employed higher loading rates. The relationship between the mesh size and loading rate was defined with the help of stress strain graphs. It was found that smaller mesh sizes needed very low loading rates, and as the mesh size increases, higher loading rates can be employed. Three mesh sizes were varied to understand the stress strain behavior at a 1 × 10−6 m/step loading rate. This loading rate serves well for 0.5 m and 0.25 m meshes. For 0.125 m mesh, the loading rate seems to be higher, resulting in bumps in the stress strain curve (Figure 3b). The smaller mesh size also results in higher model run times. Optimization of the loading rate, mesh size, and model run time is required to obtain a good stress strain graph. Therefore, a 1 × 10−6 m/step loading rate is suitable for a mesh size of 0.25 m × 0.25 m × 0.25 m and has been used throughout this paper.




3.3. Boundary Conditions


Roller boundaries were applied on the x and y boundaries, which restricted displacement and velocity normal to the planes. These boundaries simulate the chain of pillars around the model. The main floor was pinned, restricting the displacements and the velocities both normal and parallel to the plane. The load was applied as uniform velocity on the top of the main roof to simulate the compressive loading on the pillars. The model was subjected to a vertical stress of 2.7 MPa with a vertical-to-horizontal stress ratio of 1:1, which simulates a mine of a depth of 100 m.




3.4. Material Properties


Material properties and failure criteria prove to be critical in developing realistic numerical models. The model comprises the main roof, main floor, and pillars, and as the focus of the paper is on the pillars; the main roof and the main floor are simulated as elastic materials. The pillars are best represented with the brittle Hoek-Brown criterion [29,32,33], which is established on the formation of brittle cracks at 0.3 to 0.5 times the uniaxial compressive strength, followed by shear failure in the pillars. Therefore, a bilinear strength envelope was used in which strength is equal to one third of the uniaxial compressive strength and is independent of friction at lower confinement, followed by friction hardening at higher confinement [33].



The bilinear strain-hardening/softening ubiquitous-joint model, an inbuilt FLAC3D constitutive model, was used to simulate the bilinear rock strength behavior based on the Mohr-Coulomb failure criterion and strain softening as a function of deviatoric plastic strain [28]. The rock and joint properties for the constitutive model are obtained from Esterhuizen [29] using uniaxial compressive strength and Rock Mass Rating of 120 MPa and 70, respectively, and are shown in Table 2 and Table 3.



Strain softening parameters are dependent on the model mesh size. These parameters are established by calibrating all of the numerical models to that of the theoretical results using the same element size throughout all of the models [28]. It was determined that while using a large mesh size, the softening should occur at very low plastic strain, and when a small mesh size is adopted, the softening occurs over a large plastic strain. Therefore, the mesh size was kept at 0.25 m × 0.25 m × 0.25 m with a loading rate of 1 × 10−6 for all the models, and cohesion softening was performed to calibrate the numerical model results to that of the Lunder results [18].



To simulate the blast damage in the model, rock properties were changed to degraded rock properties in the blast-damaged zones with the help of FISH code (an inbuilt function in FLAC3D for developing user-defined variables and functions), as shown in Figure 4. That shows the blast damage zone’s thickness was 0.5 m, whereas the Young’s modulus, Mohr-Coulomb cohesion, and Mohr-Coulomb friction were altered in the blast-damaged zones using Equations (4)–(6) for blast damage factors (D) of 0.25, 0.5, 0.75, and 1.0 and are presented in Table 4. A flowchart has been developed representing step-by-step procedure for numerical modeling of pillars in FLAC3D, as shown in Figure 5.




3.5. Model Calibration


The models were created at pillar W/H ratios of 0.5, 1.0, 1.5, and 2.0. The pillar height adopted in these models was about 4 m, which is similar than the pillar height in Lunder’s database [18]. The strength results were obtained through the stress strain curves developed by FISH code. The model strength of the pillars was then calibrated to that of the theoretical results, as shown in Figure 6. It was observed that the difference between the model results and the theoretical results was less than 5%.





4. Results and Discussion


4.1. Effect of Blast Damage on Pillar Width-to-Height Ratio


Five W/H ratios were simulated: 0.5, 1.0, 1.5, 2.0, and 2.5. These models used four different blast factors (D) (0.25, 0.5, 0.75, and 1.0) and four different blast thicknesses (T) (0.25 m, 0.5 m, 0.75 m, and 1.0 m). For a W/H ratio of 1.0, 16 models were simulated to understand the blast effect on pillar strength. Therefore, a total of 80 models were simulated to understand the blast effect on varying W/H ratios.



Assuming the blast damage on the pillars would decrease pillar strength, the results are presented in a normalized fashion, mainly for qualitative purposes, to understand the percentage decrease in pillar strength due to blasting when compared to the pillar strength with no damage effect. Pillar strength with no blast effect (i.e., a disturbance factor of zero and a damage thickness of zero) represents the baseline value. For example, if the pillar strength with no blast effect were 50 MPa, and the pillar strength with a 0.5 disturbance factor and a 0.5 m damage thickness were 35 MPa, then the normalized pillar strength ratio would be 1.0 for no blast effect and 0.7 for a pillar with a 0.5 disturbance factor and a 0.5 m damage thickness.



Assuming the aforementioned methodology, the results are shown in Table 5. Based on the results for the blast effect on the slender pillars (W/H < 0.8), the damage has a little effect on the pillars’ strength. This is due to the fact that the slender pillars fail in a brittle fashion, which starts from the center of the pillar [29]. The models show that the blasting had a more considerable effect on pillars with higher W/H ratios. With a blast damage of 1 m and a disturbance factor of 0.75, the decrease in pillar strength was observed to be about 7% for a W/H ratio of 1, 16% for a W/H ratio of 1.5, 22% for a W/H ratio of 2.0, and 27% for a W/H ratio of 2.5.



It was observed that the 16% decrease in pillar strength of a pillar with a W/H ratio of 1.5 gives it an equivalent pillar strength to a pillar with a W/H ratio of 1.0 with no blast effect. Similarly, a 22% decrease in the pillar strength of a pillar with a W/H ratio of 2.0 gives it the same pillar strength as a pillar with a W/H ratio of 1.5 with no blast effect. Therefore, to account for blasting with a disturbance factor of 0.75 and a damage thickness of 1 m, 1 m could be added along all sides of the pillar. These normalized pillar strengths can be used to derive the thickness of the sides that must be left on the pillars to account for blasting.



Damage caused by blasting on the excavation has been considered as a technique to combat excessive stress accumulated near underground excavations in highly stressed rock masses [15,34,35,36]. Krauland and Soder [37] suggested that destressing and preconditioning practices can strategically create fractures in the rock mass near excavation to soften the rock locally to transfer the stress away from the excavation boundaries. The models of blast damage show a similar effect on the pillars.



For this, five models were analyzed with a W/H ratio of 1.5 and five different blast damage combinations: D = 0 and T = 0 m, D = 0.5 and T = 0.5 m, D = 0.5 and T = 1.0 m, D = 1.0 and T = 0.5 m, and D = 1.0 and T = 1.0 m. The stress strain curve of these models is shown in Figure 7. It can be observed that the modulus of the pillars decreases with an increase in disturbance factor and damage thickness. The stress strain curve of the pillar with no damage shows a point (40 MPa) where the modulus changes which can be denoted as the pillar transitioning from brittle failure to shear failure. This transition happens in the pillar from blast damage with a disturbance factor of 0.5 at 48 MPa and blast damage with a disturbance factor of 1.0 at 54 MPa. It can be deduced that with the increase in blast damage, the tendency of the brittle failure increases in the pillars. Finally, it can be observed that the pillar with a W/H ratio of 1.5, disturbance factor of 1.0, and damage thickness of 1 m undergoes complete brittle failure.



To understand the failure behavior of the pillars with blast damage, failure regions were observed from the plastic state plot to better describe the regions undergoing plastic flow. These plots can be used to determine which regions have or are undergoing shear and tensile failure. The plots show the failure regions at the central section of the pillar, as shown in Figure 8. Three points on the stress strain curve in Figure 7 were selected that correspond to the plastic state plots in Figure 8. The points were selected at the following stages: before loading began, at the pillar failure initiation, and at the transition point between brittle and shear failure. The before-loading point shows the pillar with massive rock and degraded rock in the model, while the failure-initiation point shows the crack initiation in the pillar, and the transition point shows the total brittle failure in the pillar.



Based upon the plots in Figure 8b–d, several observations were made. In Figure 8b, the model plots have been extrapolated, showing massive rock mass and degraded rock mass at the central section of the pillar. Initially, failure regions were analyzed in the pillar with no damage. In the pillar without damage, the failure starts at the sides of the pillar (Figure 8c) and propagates through the whole side into brittle failure (Figure 8d). In Esterhuizen et al. [29], similar brittle failure has been described in the pillars at higher W/H ratios.



Next, the failure regions were analyzed in pillars with a disturbance factor of 0.5 and a blast damage thickness of 0.5 m. Figure 8b shows the central section of the pillar with two zones on each side as the degraded rock in the 0.5 m-damage-thickness model. In Figure 8c, it can be observed that the failure initializes in the massive rock, which can be ascribed to softening of the degraded rock due to blasting and the stresses getting transferred to the massive rock. In Figure 8d, it can be observed that the total brittle failure in the pillar has increased when compared to that of the pillar without damage, which can be attributed to increase in the transition point from brittle failure to shear failure to 48 MPa. This can therefore decrease the region for shear failure which ultimately decreases the strength of the pillar with blast damage.



For a pillar with a disturbance factor of 0.5 and a damage thickness of 1.0 m, Figure 8b shows the four zones on each side with degraded rock mass that account for 1.0 m of blast damage thickness. In Figure 8c, it can be observed that the failure initiation occurs in massive rock, as well as in the degraded rock, which can be attributed to the higher stress-causing fracture initiation in both rock masses. The softening effect on the degraded rock due to blasting is evident, while as the massive rock is far away from the pillar boundary, the stresses required to initiate the fracture in the pillar affect both the massive rock mass and the degraded rock mass. In Figure 8d, at the transition point of brittle to shear failure in the pillar, it can be observed that the total brittle failure is more than that in the pillar without damage or the pillar with a disturbance factor of 0.5 and a damage thickness of 0.5 m. As the brittle failure in the pillar increases, the region undergoing shear failure decreases, which in turn decreases the overall strength of the pillar.



Next, the failure regions were analyzed in a pillar with a disturbance factor of 1.0 and a damage thickness of 0.5 m, which is shown in Figure 8b. In Figure 8c, it can be observed that the failure initiates in the massive rock mass due to the softening effect in the degraded rock mass caused by blasting where stresses get transferred to the massive rock. In Figure 8d, it is observed that the degraded rock mass is so weak that it does not provide any confinement to the core, which increases the brittle failure of the pillar and decreases the region for shear failure. Therefore, the overall strength of the pillar decreases significantly.



The pillar model with a disturbance factor of 1.0 and a damage thickness of 1.0 m is shown in Figure 8b. It can be observed that the fracture initiation is evident in the massive rock mass, which is beyond the very weak degraded rock mass. Figure 8c shows that the total brittle failure in the pillar is more than any of the pillars analyzed above. Due to the very low confinement, this pillar, with a W/H ratio of 1.5, disturbance factor of 1.0 and damage thickness of 1.0 m, has a lower strength than that of a pillar with a W/H ratio of 1.0.




4.2. Effect of Blast Damage on Pillar Height


All the models discussed to this point assumed a pillar height of 4 m. The effect of blast damage on a pillar with a W/H ratio of 1.5 at different pillar heights was also analyzed. Figure 9 shows pillars at three different heights (2 m, 4 m, and 6 m), each with a damage thickness of 0.5 m. Since this now incorporates different pillar heights, the strength of the normal pillars was analyzed at different pillar W/H ratios. Figure 10 shows that shorter pillar heights represent higher strength, while larger pillar heights lead to lower strength, in accordance with Kaiser [24].



The pillars with a W/H ratio of 1.5 and a damage factor (D) of 0.5 were analyzed at blast thicknesses (T) of 0.25 m, 0.5 m, 0.75 m, and 1 m. Figure 11 shows that the blast damage has a significant effect on pillars with lower pillar heights. It was also observed that at a blast thickness of 1.0 m, the strength of the pillars with different heights converges to a single point with 10% deviation.




4.3. Effect of Blast Damage on Inclined Pillars


The effect of blast damage on inclined pillars (Figure 12) was evaluated next. The strength of the inclined pillars with a height of 4 m and a W/H ratio of 1.5 were evaluated with a blast damage factor of 0.5 at different blast thicknesses. It was determined that the strength of the inclined pillars is less susceptible to blast damage. Figure 13 shows the decrease in strength of the pillars at 0, 20, and 40 degrees of inclination with a W/H ratio of 1.5 and a damage factor of 0.5 at varying blast thicknesses. Given that that inclined pillars have less strength than vertical pillars, the 10% decrease in pillar strength because of blasting in inclined pillars would lead to significant strength reduction.





5. Conclusions


Based on the investigation of blast damage on hard rock pillars, the following conclusions can be drawn.



Damage factor and damage thickness are important features that need to be considered when evaluating pillar strength. The decrease in pillar strength is considerable in pillars with W/H ratios higher than 1.0. Pillar strength can decrease up to 7% for a W/H ratio of 1.0, 16% for a W/H ratio of 1.5, 22% for a W/H ratio of 2.0, and 27% for a W/H ratio of 2.5.



Assuming a constant blast damage in the region, the hard rock mine pillars with larger W/H ratios would have more strength than that of the pillars with smaller W/H ratios.



The numerical models with a W/H ratio of 0.5 show that pillar failure starts at the center of the pillar, which is also evident with the pillars with damage and a W/H ratio 0.5. Therefore, the slender pillars are prone to strain bursting with or without the damage due to blasting. As the pillar failure occurs from the center of the pillar, the strength of the pillar remains similar.



Numerical models revealed that the brittle failure plays an important role in defining the strength of the pillars based on the blast damage zone. Initiation of the brittle failure beyond the damaged zone, resulting in reduction of core, causes failure at a relatively low brittle failure in the pillar, resulting in loss of pillar strength.



Numerical model results show that the degraded rock modulus in the blast damage zone is a significant parameter in softening the rock, resulting in transfer of the stresses inside the pillar. The blast damage zone, which is itself a critical factor, leads to an increase of the brittle failure in the pillar, resulting in loss of pillar strength.



Pillar height is an essential dimension in determining the strength of the pillars. Varying blast thicknesses on pillars with different heights at constant W/H ratios has a distinct impact on the reduction of pillar strength. Blast damage causes a substantial reduction in the strength of pillars with smaller heights and insignificant reduction for pillars with larger heights.



The strength of inclined pillars is less susceptible to blast damage. Blast damage on the dip sides of inclined pillars reduces the pillar strength more significantly than blast damage on the normal sides. When compared to vertical pillars, the inclined pillars have lower strength at a constant W/H ratio.



A methodology has been presented for analyzing the strength and failure characteristics of hard rock pillars. This methodology can help engineers generate models to analyze the failure mechanisms in these pillars due to blasting damage.



Considering the effect of blast damage on pillars could enhance mine safety and improve stability and, possibly, profitability.
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Figure 1. Distinction between the over-break and blast damage [4]. 
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Figure 2. FLAC3D pillar model. 
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Figure 3. Stress strain graphs (a) At different loading rates and (b) At different mesh sizes. 
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Figure 4. Pillar model with massive rock in the core and degraded rock on the sides. 
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Figure 5. Flowchart indicating numerical modeling procedure in FLAC3D to simulate pillars. 
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Figure 6. Model Calibration results. 
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Figure 7. Stress strain graph of the pillars with blast damage. 
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Figure 8. Plasticity state plots of a pillar with a W/H ratio of 1.5 with different damage characteristics: (a) Model type, (b) Model plots (point before loading), (c) Failure initiation point, and (d) Transition point (total brittle failure). 
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Figure 9. Pillars with a width-to-height ratio of 1.5 and pillar height of (a) 2 m, (b) 4 m, and (c) 6 m. 
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Figure 10. Pillar strength at different pillar heights. 
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Figure 11. Pillar strength at different pillar heights with a blast damage of 0.5 at varying blast thicknesses. 
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Figure 12. 20-degree inclination pillar model. 
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Figure 13. Effect of blast damage on inclined pillars at varying assumed blast damage thicknesses. 
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Table 1. Model run times at different loading rates.
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	Loading Rate (m/Step)
	Model Run Time (Min.)





	1 × 10−5
	1



	1 × 10−6
	4



	1 × 10−7
	34
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Table 2. Model Properties [29].
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	Rock Mass Properties
	Numerical Value





	Young’s Modulus
	70 GPa



	Cohesion (Brittle)
	20 MPa



	Friction (Brittle)
	0



	Cohesion (Mohr-Coulomb)
	6.5 MPa



	Friction (Mohr-Coulomb)
	42.7



	Tensile Strength
	7 MPa



	Dilation
	30
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Table 3. Joint Properties (Esterhuizen, 2006).
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	Joint Properties
	Numerical Value





	Joint Cohesion
	1.2 MPa



	Joint Friction
	42
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Table 4. Degraded rock properties.
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	Damage Factor (D)
	D = 0.25
	D = 0.5
	D = 0.75
	D = 1.0





	Degraded Modulus
	54 GPa
	39 GPa
	27 GPa
	18 GPa



	Degraded Cohesion
	6.1 MPa
	5.5 MPa
	4.9 MPa
	4.1 MPa



	Degraded Friction
	41.1
	39.1
	36.3
	32
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Table 5. Normalized pillar strength results at varying disturbance factors and blast damage thicknesses.
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	W/H Ratio
	Disturbance Factor
	Damage Thickness
	Normalized Strength





	1
	0
	0
	1.00



	1
	0.25
	0.25
	0.98



	1
	0.25
	0.5
	0.97



	1
	0.25
	0.75
	0.96



	1
	0.25
	1
	0.94



	1
	0.5
	0.25
	0.98



	1
	0.5
	0.5
	0.97



	1
	0.5
	0.75
	0.97



	1
	0.5
	1
	0.94



	1
	0.75
	0.25
	0.99



	1
	0.75
	0.5
	0.97



	1
	0.75
	0.75
	0.96



	1
	0.75
	1
	0.94



	1
	1
	0.25
	0.99



	1
	1
	0.5
	0.96



	1
	1
	0.75
	0.95



	1
	1
	1
	0.93



	1.5
	0
	0
	1.00



	1.5
	0.25
	0.25
	0.98



	1.5
	0.25
	0.5
	0.96



	1.5
	0.25
	0.75
	0.94



	1.5
	0.25
	1
	0.93



	1.5
	0.5
	0.25
	0.96



	1.5
	0.5
	0.5
	0.91



	1.5
	0.5
	0.75
	0.88



	1.5
	0.5
	1
	0.86



	1.5
	0.75
	0.25
	0.92



	1.5
	0.75
	0.5
	0.85



	1.5
	0.75
	0.75
	0.85



	1.5
	0.75
	1
	0.84



	1.5
	1
	0.25
	0.91



	1.5
	1
	0.5
	0.86



	1.5
	1
	0.75
	0.84



	1.5
	1
	1
	0.84



	2
	0
	0
	1.00



	2
	0.25
	0.25
	0.98



	2
	0.25
	0.5
	0.96



	2
	0.25
	0.75
	0.93



	2
	0.25
	1
	0.94



	2
	0.5
	0.25
	0.96



	2
	0.5
	0.5
	0.92



	2
	0.5
	0.75
	0.88



	2
	0.5
	1
	0.87



	2
	0.75
	0.25
	0.93



	2
	0.75
	0.5
	0.86



	2
	0.75
	0.75
	0.82



	2
	0.75
	1
	0.80



	2
	1
	0.25
	0.89



	2
	1
	0.5
	0.81



	2
	1
	0.75
	0.77



	2
	1
	1
	0.78



	2.5
	0
	0
	1.00



	2.5
	0.25
	0.25
	1.00



	2.5
	0.25
	0.5
	0.99



	2.5
	0.25
	0.75
	0.95



	2.5
	0.25
	1
	0.97



	2.5
	0.5
	0.25
	0.98



	2.5
	0.5
	0.5
	0.95



	2.5
	0.5
	0.75
	0.89



	2.5
	0.5
	1
	0.88



	2.5
	0.75
	0.25
	0.95



	2.5
	0.75
	0.5
	0.89



	2.5
	0.75
	0.75
	0.86



	2.5
	0.75
	1
	0.83



	2.5
	1
	0.25
	0.92



	2.5
	1
	0.5
	0.83



	2.5
	1
	0.75
	0.79



	2.5
	1
	1
	0.73
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