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Abstract

:

In the past decade, there has been an increasing trend of digitalizing rock engineering processes. However, this process has not been accompanied by a critical analysis of the very same empirical methods that many complex numerical and digital methods are founded upon. As engineers, we are taught to use and trust numbers. Indeed, we would not be able to define the factor of the safety of a structure without numbers. However, what happens when those numbers are nothing but numerical descriptions of qualitative assessments? In this paper we present a critical review of the many attempts presented in the literature to quantify GSI (geological strength index). To the authors’ knowledge, this paper represents the first time that all the different GSI tables and quantification methods that have been proposed over the past two decades are collated and compared critically. In our critique, we argue against the paradigm whereby the quantification process adds the experience factor for inexperienced engineers. Furthermore, we discuss the limitations of the notion that GSI quantification methods could transform subjectivity into objectivity since the parameters under considerations are not quantitative measurements. Relying on empirically defined quantitative equivalences raises important questions, particularly when these quantitative equivalences are being used to define so-called accurate rock mass classification input for design purposes.
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1. Introduction


In the past decade, there has been an increasing trend of digitalizing rock engineering processes [1]. However, this process has not been accompanied by a critical analysis of the very same empirical methods that many complex numerical and digital methods are founded upon. As engineers, we use and trust numbers. However, what happens when [2] “those numbers are nothing but numerical descriptions of qualitative assessments?” There is no doubt that the geological nature of the materials we use in our design creates a condition by which we need to trust our observations, experiences, and engineering judgements. However, only a very limited set of these processes are truly objective and the design approach is inevitably impacted by human factors and a cognitive resistance to changes. Elmo et al. [2] defined this cognitive resistance rock engineering fragility, adding that engineering judgment is not immune to biases.



It is important to recognize the role that the quantification process plays in the context of discerning knowns from unknowns. As engineers, we learn that different forms of uncertainty exist at different stages of the design process. It is important that we do not attempt to quantify qualitative methods just to convince ourselves that by doing so we can change unknowns into knowns. More importantly, a quantification process neither creates experience for inexperienced engineers, nor can it transform subjectivity into objectivity when the parameters under considerations are not measurements of a physical property.



In this paper, we present a critical review of the many attempts presented in the literature to quantify GSI (geological strength index [3,4]) and we argue against the paradigm whereby these quantification processes are justified on the basis of adding objectivity to inherently subjective interpretations. To the authors’ knowledge, this paper represents the first time that all the different GSI tables and quantification methods that have been proposed over the past two decades are collated and compared critically. It is important to emphasize that our critique does not concern the use of the original GSI table, rather the idea that a quantification of GSI creates an advantage for the engineers using it. Nonetheless, engineers should be aware of the limitations concerning the use of GSI to analyze rock mass behavior [5,6].



We believe that, to rely on empirically defined quantitative equivalences, raises important questions, particularly when these quantitative equivalences are being used to define so called accurate rock mass classification input for design purposes. Any quantification process inevitably leads to the belief that rock engineering design is governed by a unique set of objective and deterministic rules. Indeed, GSI quantification attempts and the process of homogenization of rock mass properties by means of continuum numerical methods are mutually interconnected.



The motivation behind this paper can be described by one critical question: Is it really necessary to quantify GSI, or does the search for a quantified GSI just reflect the belief that we can reasonably approximate jointed rock masses to isotropic equivalent continuum media, and that we can actually transform qualitative geological assessments into measurements?



1.1. Important Definitions


Engineering is not immune to the power of language. Therefore, before proceeding further with our discussion, it is important to review how specific terminology can create a different perception in the mind of an audience [2]. As discussed in [7], the use of specific terminology can create a sort of scientific advantage when presenting engineering problems. Examples of commonly misused terminology and their definitions are provided below:




	
Quantity. A quantity in the physical sciences is often a property that has both a numerical magnitude and a unit. Key features of quantities include additivity and continuity. An example of a quantity is length (e.g., the width of a table is 20 (numerical magnitude) centimeters (unit)). This quantity is additive and continuous [8]. In contrast, empirical classifications used in rock engineering (e.g., RQD [9], RMR [10,11], Q-system [12], and GSI [3,4,13]) contain a numerical magnitude, but they remain dimensionless properties that are not additive (e.g., it would be meaningless to say that adding a GSI of 50 and a GSI of 30 would yield a GSI of 80) or continuous (ratings used in classification schemes are ordinal measurements, in which the measurement represents an ordered relationship among the variable’s observations). While dimensionless quantities can be found in other fields and includes countable numbers, ratios, proportions, angles, and physical constants, contrary to rock mass classification schemes, these dimensionless quantities are not dependent on experience.



	
To quantify. To quantify is to express or measure the quantity. It is not synonymous with assigning a number to a description because that number does not always represent a quantity. As discussed later in the paper, attempts to quantify GSI rely upon parameters that are themselves not a quantity, and therefore it is not possible to quantify them. As a result, there cannot exist a quantified GSI or quantified GSI chart. Methods proposed to quantify the GSI chart misuse both the term quantity and the related action of quantifying. What rock engineers are attempting to do is just to assign numbers to geological descriptions. This is no different than arbitrarily assigning numbers to colors. In the remainder of the paper, we elect to use the expressions quantification of GSI or quantified GSI solely for the purpose of referring to published work on this subject; however, we recommend that the terms quantification and quantified be abandoned when referring to GSI.



	
Scales of Measurements. According to [14], there exist four different levels of measurements (Table 1). Each scale is strictly limited to specific statistical operations. For instance, only interval and ratio scales allow for the calculation of means and standard deviations, whereas nominal and ordinal measurements are limited to medians and percentiles [15]. This aspect is ignored by many, and examples of probabilistic analysis are often proposed in the rock engineering literature despite the ordinal nature of many of the parameters—like GSI—used in design practice.








	
Accuracy and precision. Accuracy is the difference between a measurement and its true value, while precision represents how close independent measures are to each other and is largely affected by random errors [16]. An accurate GSI (or any other rock mass classification value) does not exist because there is no true value for it, only an interpreted value. Precise GSI estimates would only exist if multiple independent assessments are close to one another. The quantification of the original GSI approach produces a condition by which we have witnessed engineers who are not familiar with geological problems referring to GSI values with decimal precision, which is clearly not acceptable.



	
Equation, equivalency, and correlation. This argument will be further discussed in Section 2, but the use of what Feenberg [17] calls accidental functions is all too common in rock engineering practice. Accidental functions are mathematical expressions linked to personal interpretations, which may lead to extending their use outside of the limited scope and range of conditions for which they were defined. Correlations between rock mass classification systems provide a good example of accidental functions [2]. Furthermore, equations representing a physical law/relating physical quantities would need to be dimensionally consistent/homogeneous. Either equations presented for rock mass classification/characterization problems represent a physical law, and therefore they must be dimensionally homogeneous, or they do not represent a physical property, in which case we should stop treating them like mathematical equations and instead emphasize that they just represent a non-universal, but site-specific relationship between a given set of mostly qualitative variables. In this paper, we will purposely use the term equivalency in lieu of equation when referring to empirical correlations between GSI and other classification systems to avoid an impression of mathematical validity.








2. Evolution of GSI and Different Variations


The origins and subsequent updates of GSI have been well-documented by several authors [1,13,18,19] and are briefly summarized here to emphasize its key points. The concept of GSI was first introduced by Hoek in 1994 to replace RMR76 and the Q-system for estimating the m and s parameters used in the Hoek-Brown failure criterion [20] because the relationship between RMR76 and the m and s parameters would begin to break down for severely fractured and weak rock masses (i.e., RMR76 ≤ 25) and the Q-system already includes a parameter for the in-situ stress level (SRF). GSI was created as a classification system that [quote] “would not include RQD, would place greater emphasis on basic geological observations of rock mass characteristics, reflect the material, its structure and its geological history and would be developed specifically for the estimation of rock mass properties rather than for tunnel reinforcement and support” [19]. Furthermore, “the GSI classification is a careful engineering geology description of the rock mass which is essentially qualitative” [19].



The GSI chart that many engineers are familiar with was introduced in 1997, with subsequent updates throughout the years. These are provided in Appendix A. There are currently eight different GSI charts available, five for jointed rock masses and three for other types of rock masses [18,21,22,23,24,25,26]. However, there is no formal consensus on which chart to use, although the one introduced in 2000 [24] seems to be the most commonly used. Equivalencies between GSI, RMR, and Q introduced by Hoek [3] are listed in Table 2. These equivalencies could be considered the first attempt to a quantified version of GSI; indeed, later attempts share similar parameters for structural conditions and jointing conditions (see Table 3). Interestingly, no mention is made in the literature about the reasonable deduction that the validity of the correlations listed in Table 2 would lead to the incorrect statement that “RMR76 is equal to RMR89—5”.



Since the introduction of GSI in 1994 rock engineers have been focused on finding a better quantification of the GSI chart, with the apparent objective of making the system more objective and less dependent on experience. Initially, the quantification attempts consisted of finding new correlations between GSI and various rock mass characterization and classification parameters but have recently expanded to include using probabilistic and computing methods (Figure 1).



Table 3 and Table 4 provide a summary of GSI correlations and quantified GSI charts available in the literature. The proposed quantified GSI charts in Table 4 can be found in Appendix A. Note that the majority of these correlations combine qualitative parameters from other widely used classification systems like RMR, Q, and RMi [27]. There are at least six additional quantification attempts [28,29,30,31,32,33] using probabilistic and/or computer-based methods (including machine learning), for a total of at least 23 different quantifications of the GSI chart.



Attempts to quantify GSI create a situation analogue to the allegory proposed in Forscher [34]—chaos in the brickyard—concerning the confusion of introducing many different correlations that consider diverse parameters to estimate a GSI value, without any of these correlations having a clear advantage over the others. Under the assumption that all the correlations listed in Table 3 are acceptable, then a condition of chaos ensues since none of the correlations can be compared to each other in mathematical terms without resulting in contradictory results. Furthermore, it would be contentious to assume every correlation to be valid if they are used independently of each other, since one would expect those different correlations to ultimately yield comparable results when determining the GSI of the same rock mass. Either they do yield equivalent results, which would reinforce the idea of those systems not actually improving the original GSI table, or they do yield different results, which would expose the GSI system itself and any design methods based on GSI to biased conclusions. Finally, arguing that differences in GSI estimation provided by the different systems would actually help constrain a range of possible GSI values would contradict the motivation behind the quantification attempts, since the original GSI table is already set up to offer a range of possible GSI values for a given combination of geological structures and jointing conditions. The only way to solve these contradictions would be to somehow invoke the validity of one—and only one—of the correlations listed in Table 3, or to accept that it is not necessary to quantify the original GSI chart.



While the limitations of the original qualitative GSI charts are well known, the limitations of the various quantified GSI charts have been less frequently discussed. One main limitation is that the quantified GSI charts are not applicable or do not work well in specific scenarios. For example, it was stated in [35] that “there are situations that may render the quantified approach difficult to be applied; for example, in rock masses that are disintegrated, foliated, or sheared.” The same authors also added that “the descriptive approach still provides the only means for strength and deformation parameter estimation”, and “[…] at the feasibility investigation stage where quantitative data are not available, the descriptive approach is still applicable”.



These limitations were later reiterated in the following statement in [36]: “for massive or tectonically disturbed rock masses in which the structural fabric has been destroyed” the “original qualitative method based on a careful visual observation of the rock structure and the use of GSI charts purposely published is still the most suitable and recommended approach.”



Building from this, another commonly mentioned limitation is that these quantified GSI charts are not a substitute for the original qualitative approach, as noted in [35,37] and more recently in [38], where they stated that “the addition of quantitative scales to the GSI chart should not limit the use for which it was originally designed—the estimation of GSI values from direct visual observations of the rock conditions in the field”.
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Table 3. Proposed GSI quantifications (correlations).
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	[35,39]



	  G S I =   26.5 + 8.79 l n  J c  + 0.9 l n  V b    1 + 0.0151 l n  J c  − 0.0253 l n  V b     

   J C  =    J W   J S     J A     

   V b  =  s 1   s 2   s 3   

where    J W   J S    are the large-scale waviness and small-scale smoothness, respectively, from RMi;    J A    is the joint alteration rating from Q, and s is the joint spacing of the joint set



	[40]



	Improved    V b    parameter originally proposed by [35,39]

     V b     V 0    ≅  p f  − 1    

Where    V 0    is the block volume calculated from joint spacings and angles without the consideration of the joint persistence and    p f     is the joint persistence factor and is defined as

   p f  =    p 1   p 2   p 3   3   

With    p i  ,   i = 1 ,   2 ,   3   representing a joint set in the rock mass



	[37]



	  G S I ≈ 153 −   165   1 +     J P   0.19     0.44      

  J P = 0.2    J C     V b D   

   J C  = j L  (    j R   j A    )   

  D = 0.37  J c  − 0.2    

Where    V b    is the block volume (determined with several methods outlined in [27]),   j L   is the joint size and continuity factor in RMi [27],   j R   is the joint roughness factor in RMi (similar to the   J r   factor in [12] Q), and   j A   is the joint alteration factor in RMi (similar to the   J a   factor in [12] Q)



	[38]



	   R Q D ≤ 80 :   G S I = 1.5 J C o n  d  89   +   R Q D  2    



	[36]



	  G S I = 2.5  (   R  4 c   +  R  4 d   +  R  4 e    )  − 8.59 ln  (  J v  )  + 39.74   for Jv ≤ 100

  G S I = 2.5  (   R  4 c   +  R  4 d   +  R  4 e    )  + 1.56  (   R 2  +  R 3  − 8  )   

  G S I = 2.5  (   R  4 c   +  R  4 d   +  R  4 e    )  + 1.14  (   R 2  +  R 3  +  R  4 a   +  R  4 b   − 8  )   

  G S I = 2.5  (   R  4 c   +  R  4 d   +  R  4 e    )  + 8.72 ln  ( S )  + 20.21  

  G S I = 2.5  (   R  4 c   +  R  4 d   +  R  4 e    )  + 8.49 ln  (    R Q D   J n    )  + 10.5   for RQD/Jn ≤ 100

Where    R  4 a    ,    R  4 b    ,    R  4 c    ,    R  4 d    , and    R  4 e     are the ratings for length (persistence), aperture, roughness, infilling, and weathering for the surface conditions of discontinuities in the RMR89 chart, respectively;   J v   is the volumetric joint count; and  S  is the spacing of the discontinuities



	[41]



	  V - G S I = 1.5 J C o n  d  89   + 50 − 8.5 ln  (  V F C  )   

  V F C =   ∑   i = 1   i = N D S    1  S  t i     

Where   S  t i    is the mean true spacing for the ith discontinuity set and NDS is the number of sets present in the rock mass



	[42]



	   G S I = 1.5 J C o n  d  89   +   R Q D  3    



	[43]



	   9.09   M P a < U C S < 74.87   M P a :   R M  R  89   =   R M  R  14   − 2   1.1   = 0.584 G S I + 0.449 U C  S  0.65   + 0.163 U C S + 9.077   

   U C S ≥ 74.87   M P a :   R M  R  89   =   R M  R  14   − 2   1.1   = 0.584 G S I + 0.449 U C  S  0.65   + 21.027   



	[44]



	  G S I = R M  R  2011   + 3   for RMR2011 proposed by [45]

  G S I = 0.6 R M  R  V A L E   + 22   for RMRVALE proposed by [46]

  G S I = 1.2 R M  R  S a n t o s  (  W 2  )    − 5.2   for RMRSantos proposed by [47]

with a W2 weathering grade

  G S I = 1.45 R M  R  S a n t o s  (  W 3  )    − 3.74   for RMRSantos proposed by [47]

with a W3 weathering grade

  G S I = 1.88 R M  R  S a n t o s  (  W 4  )    − 4.87   for RMRSantos proposed by [47]

with a W4 weathering grade

  G S I = 0.9 R M  R  14   − 6.86   for RMR14 proposed by [48]



	[31]



	  G S I =  1 2  S R + J C D I  

Where   S R   is the structure rating and   J C D I   is the joint condition digital imaging rating



	[49]



	  G S I = 2.5 S C R +   R Q D  2   

  S C R =  R r  +  R w  +  R r   

Where    R r   ,    R w   , and    R f    are the ratings corresponding to roughness, weathering, and infilling from JCond89, respectively
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Table 4. Proposed GSI quantifications (charts).
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	Authors
	Proposed Quantified GSI Chart





	[50]
	Quantified GSI chart based on SCR (summation of RMR89 roughness, weathering, and infilling ratings) and SR (based on volumetric joint count)



	[51]
	Quantified GSI chart for very poor and poor rock masses



	[52]
	Quantified GSI chart for granite based on the rock core length (RCL) to assess the structure of the rock mass and the rock mineral condition (RMC) and surface condition rating (SCR) to assess the joint condition



	[53]
	Quantified GSI chart based on the discontinuity volume density and weathering curing degree



	[54]
	Quantified GSI chart based on basic quality index (BQ) and structure condition rating (SCR)



	[55]
	Quantified GSI chart based on attribute mathematics theory









3. General Limitations of the Quantified GSI Charts


3.1. The Problem with Using Arbitrary Measurement Scales


The original GSI table for jointed rock masses considers two qualitative variables, namely the interlocking of rock pieces (vertical axis) and surface quality (horizontal axis), grouped into six and five categories, respectively. The categories for interlocking of rock pieces indicate the number of interlocking joint sets (e.g., three intersecting joint sets for the blocky condition), while the categories for surface quality focus on the surface aspect of the joint surfaces (e.g., smooth or rough) and the degree of weathering. All these categories are nominal in the form of qualitative assessments (see Table 1). Different combinations of these nominal categories then yield an ordinal, qualitative value of GSI.



In their attempts to quantify GSI, the majority of the authors have focused on replacing the nominal qualities on the vertical axis (interlocking of rock pieces) with ratio measurements (e.g., fracture spacing, block volume). In one instance [41], the authors have proposed to use multiple vertical axes, including ordinal (RQD/Jn) and ratio scales (volumetric fracture intensity), which creates the false illusion of bias-free nominal scales. Note that even RQD cannot be considered to be a true ratio measurement due its biased definition (see Section 3.2). The horizontal axis has remained a nominal quality in all the quantification attempts except in [56], but we argue against the practicality of actually measuring friction angles in the field.



The V-GSI approach [41] also implies a relationship between volumetric fracture count (VFC) and volumetric intensity (P32) that yields the same and rather small average fracture area (1.2 m2 to 1.3 m2) across the different spectrum of structural rock mass conditions (massive, blocky, very blocky, and disintegrated conditions). This result would require further examination since it does suggest that network connectivity and block forming potential are both independent of the fracture size.



On these premises, we can conclude that none of the quantification attempts has succeeded in transforming GSI into a true ratio measurement. Interestingly, transforming the vertical and horizontal categories into ratio measurements would not solve the problem, since GSI itself does not meet the definition of quantity (see Section 1.1) and therefore it cannot be measured. Using ratio measurements to replace the vertical and horizontal axes in the GSI table may help engineers to confirm a range of GSI; however, quantified GSI values have been found to agree with more conventional observations [37,38], and therefore we argue that the quantification methods do not provide a significant or intrinsic benefit (this concept is discussed further in Section 3.4).




3.2. Using RQD to Quantify GSI


One important limitation includes the use of RQD to quantify the rock mass structure and the use of parameters that are either qualitative (e.g., joint conditions factors from RMR or RMi [10,11,27]) or non-directly measurable in the field (e.g., persistence factor joint condition ratings [56]). The joint condition ratings in JCond89, Q, and RMi represent numbers assigned to a qualitative description and thus their use does not justify placing a layer of objectivity upon the derived GSI value. The subjectivity of JCond89 is demonstrated in Figure 2, which shows that the JCond89 ratings calculated by a group of experienced rock engineering professionals for the same core intervals ranged from 15 to 25.



The limitation imposed by the use of RQD produces further interesting arguments, since the authors have actually raised specific limitations of RQD, for example in [41], it was reported that “scale limitations are potentially further exacerbated if RQD is used and its bias and anisotropy are not well understood”.



At the same time, we need to consider whether RQD is still relevant in todays rock engineering [1,57]. The popularity of RQD and its use in the industry is somehow in contrast with its limitations. For instance, engineers tend to overlook its subjectivity, which manifests when differentiating between natural and mechanical fractures, as well as determining if the core meets the hard and soundness requirement [58]. This subjectivity can be attributed to human factors, cognitive biases [59], and the confusion created by the existence of many different companies’ specific core logging manuals. [57] noted that rock engineering practitioners in the UK and most of Europe ignore the hard and sound requirement when determining RQD, while those in other locations take it into account. The subjectivity of RQD and its associated lack of precision is demonstrated in [57], where the range of RQD calculated by different professionals for three outcrops varied by as much as 70 points (Figure 3a). A similar study was performed by the authors of this paper, and our results show that the RQD values varied significantly for the same core (by up to 78 points, as shown in Figure 3b).



There remains another fundamental problem with RQD, that is, its reliance on an arbitrary 10 cm threshold. Figure 4 shows the correlations proposed in [9] to claim the superiority of the 10 cm threshold over a 15 cm threshold. These charts are not accompanied by details about lithology (only generic rock types are provided, but not directly linked to a legend), nor are there indications of whether the data below represent average RQDs along the boreholes. Furthermore, the two charts use correlations for different parameters (see y-axes on both charts) as validation tools, and to reduce data scatter the correlation for the 10 cm threshold, they ignore six of the eleven sites included in the database for the 15 cm threshold.



These comments lead to the rather provocative question of whether the arguments in favor of using the 10 cm threshold lack a proper scientific validation. Invoking its continuous use over the years is not sufficient to invest scientific validity upon RQD. On the contrary, it further raises the question of why the rock engineering community accepts RQD’s many limitations, but at the same they subject researchers proposing new methods (whether empirical or numerical) to stricter validation criteria. This discussion reinforces the claim by [2] that many empirical rock engineering methods suffer from the absence of scientific replication. While RQD does hold a fundamental part in the historical development of rock engineering, we should not be afraid to move away from it and substitute it with parameters—like fracture frequency [58] and connectivity parameters [2]—that are quantitative measurements and not qualitative assessments.




3.3. GSI Quantification Does Not Improve Precision


The subjectivity associated with the parameters used in quantifying the axes of the GSI chart actually results in a lack of precision (when assessing those parameters) and therefore imprecisely quantified GSI values. Figure 2 and Figure 3 indeed showed a significant scatter in the RQD and JCond89 measurements. The scatter in parameters used as quantification tools will inevitably result in scattered GSI estimations. This is demonstrated in Figure 5 using the GSI quantification method proposed in [38] and the data included in Figure 3. The results show significant scatter—and accordingly a lack of precision—when using RQD and JCond89 to determine GSI, with the exception of core sample 1 in Figure 5a. However, the smaller scatter is only artificial due to the RQD cutoff of 80% used in the formulation [38] of the GSI quantification method.



The fact that GSI quantification methods cannot provide more precise estimates was further demonstrated in [60], who indicated that the median GSI value between different quantification attempts ranged from 49 to 64 for their Monte Carlo simulations. Using different quantification approaches, [37,38] showed that quantified GSI values and GSI estimated using the original chart values fell within ±10 of each other. In general terms, most quantification methods showed that quantified GSI values fell within ±5 of the GSI from the qualitative chart. On these premises, it becomes apparent that the search for quantification is linked more to a resistance of accepting a degree of variability for rock mass quality, rather than the possibility of precisely measuring GSI.



While several authors state that their quantification reduces GSI’s dependency on experience, many of the parameters used in quantifying the GSI chart are not independent of experience and are therefore subjective. An interesting recurrent theme is that despite emphasizing the need for a quantified GSI chart in order to reduce subjectivity, increase precision, and reduce the dependency on experience, the authors often do not demonstrate this in their respective papers. Published papers generally only include GSI values determined from the author(s) of the paper; however, in order to examine the precision of the proposed quantification method, GSI values estimated by engineers with different degrees of experience examining the same rock mass should be considered.




3.4. GSI Quantification and Practicality of Data Collection


Another main limitation of the quantified GSI charts is their lack of practicality. Many of the parameters used in the quantifications are often not collected or collected differently than what is specified in the quantification papers. For example, several quantified GSI charts use the RMR89 joint condition rating or some of its parameters; however, mining and consulting companies may only collect data for RMR76. For those that do collect data for RMR89, they may determine JCond89 differently, using either the overall descriptive ratings (Table A in RMR89 [11]) or by adding the ratings of individual parameters (Table E in RMR89 [11]). Additionally, many companies do not collect geotechnical data for RMi, thus making it difficult to implement the quantification processes which depend on it. Another layer of complication is that the companies that do collect the relevant data may not collect it in the same way outlined in the quantification papers, making it difficult to reliably implement these quantifications in the field and in the office. Some of the quantifications are also difficult to apply in the field, making them impractical for field use and deviating from the original intent of GSI, which is simple to be applied in the field [19]. Their complexity makes it especially difficult for junior engineers to use, and it is well known that junior engineers are often the ones tasked with collecting data in the field.




3.5. GSI Quantification Methods and Geology


All of the quantification methods proposed in the literature build upon the original GSI table [21], and contrary to expectations, do not truly reflect the role of geology. Figure 6 superimposes rock types from actual field studies [61] to the original qualitative GSI table, revealing a geological trend that is opposite to the commonly accepted GSI contour lines.



The structure of all the various GSI tables, whether qualitative or quantitative versions, creates a condition of irreversibility [2,59], whereby stating a GSI rating isolated from a detailed geological description creates a condition by which the same Hoek-Brown failure envelope can be potentially attributed to rather different rock mass conditions (Figure 7a). This problem has far reaching implications, since it implies the same failure mechanism that controls the behavior of both massive and very blocky rock mass conditions.



Similarly, we argue that the objective of the rock mass strength characterization, through the use of the GSI table, should not be used to accurately determine a unique failure envelope, but rather to constrain a range of possible outcomes. In this context, the original GSI table is already sufficiently precise to within ± 5. Additionally, we should not forget that GSI is just one of the many parameters that are required as input in design calculations. Considering the non-deterministic nature of many additional known and unknown design parameters (e.g., stress conditions and loading directions), claiming “bias free” and “objectivity” as the reason to quantify GSI becomes a distraction for engineers to truly account for variability in their design. For instance, in Figure 7b, for sigma three values greater than 2 MPa the combination of GSI = 60 ± 5 and mi of 12 yield comparable results to GSI = 65 and mi of 12±3. For sigma three less than 1 MPa, Figure 7c, the curves for GSI = 60 ± 5 and mi of 12 frame a potential rock mass behavior equivalent to that of the curves derived for GSI = 60 and mi of 15 (minimum), and GS = 70 and mi of 9 (maximum).



The contour lines in the various GSI tables should not be mistakenly interpreted as boundaries between accurate measurements. Accepting rock mass variability (e.g., GSI ± 5) does not suppose a lack of certainty in the design process. To address this issue, [2] proposed a modification to the original GSI table (Figure 8) that actually departs from the quantification trend and seeks to reconcile the use of the GSI system with the true objective of rock mass classification systems, which is to classify rock masses based on their qualities and therefore surrender the idea of rock masses as materials whose mechanical behavior can be accurately quantified using a unique failure curve. The implication of using a GSI range is that analyses of rock mass behavior should be carried out in the form of a risk approach, placing more emphasis on understanding failure mechanisms. The empirical nature of the failure criteria used in design analysis (e.g., Hoek-Brown), and the variability and subjectivity of the many inputs required (e.g., GSI, mi) contrast with the idea of a universal equation that can uniquely provide an accurate measurement of the mechanical response of a rock mass.





4. Machine Learning


In recent years, rock engineers have begun to apply machine learning to rock engineering applications. One application is in using machine learning (ML) to automate and quantify the GSI chart, as shown in [29,30,31,32]. However, this practice has several limitations. Scale effects when using images of outcrops for training an ML model are often ignored, despite its importance in determining GSI [1]. More broadly, the use of ML does not remove subjectivity or increase precision, as discussed in [1,59]. If the ML model is trained on a dataset where GSI values of outcrop images were determined by engineers using a qualitative chart, as in the case of [30], then the model will propagate the biases and subjectivity associated with those GSI values rather than removing them. Using a quantified GSI chart to determine GSI values for the training set also does not remove subjectivity as the parameters used in the quantifications are still subjective (as discussed in the previous section). While ML algorithms are a powerful tool that can uncover new patterns among a dataset and efficiently automate certain tasks, they are not capable of removing subjectivity. The fact that engineers may rely on any of the different correlations listed in Table 3 to code functions in ML algorithms should raise important concerns regarding the sterilization of qualitative geological data from the design process.




5. Recommendations


This paper offered a critical review of various methods presented in the literature to quantify GSI. Over the past two decades, more than 20 different methods have been proposed, and yet none of the proposed quantification methods appear to have replaced the original GSI chart. That is not unexpected considering that the process of quantification cannot change the qualitative nature of GSI. It seems that, over time, we have created unnecessary processes that have given rise to a labyrinth of formulae and tables to solve a problem that did not require a solution (Figure 9).



Given the arguments articulated throughout the paper to discuss the limitations and impracticality of quantifying the original GSI table, the following recommendations can be made:




	
There is no need to quantify the original GSI table. If required for design purposes, engineers should use the original qualitative GSI table—while being aware of its limitations—since there is no apparent advantage in terms of design analysis of using any of the proposed quantification methods. On the contrary, the quantification of qualitative assessments creates a false conviction that rock engineering design is governed by a universal set of deterministic parameters and rules. None of the proposed GSI quantification methods can be defined as being bias-free since they all largely rely upon qualitative information that is impacted by subjective interpretation (engineering judgment does not necessarily provide an objective perspective).



	
Using a qualitative approach to GSI would force engineers and geologists to pay more attention to data collection methods and geological descriptions. At the same time, emphasizing the qualitative nature of the rock mass classification system would require engineers to accept that they should be used and determined independently from each other.



	
When first introduced in 1994, it was postulated that GSI was equivalent to RMR76. By now, proposing different methods to quantify GSI, we are claiming that the correlations listed in Table 3 have somehow superseded the original equivalency between GSI and RMR76, and therefore it would not be possible to compare GSI ratings estimated using the different methods among them or with historical GSI data. Indeed, if the new correlations were to provide estimates of GSI that do not differ from those derived using the original GSI table, there would not be a clear incentive for engineers to use any of the proposed quantification methods. From a mechanistic perspective, it is not clear how the same rock mass quality rating (GSI) can be defined by the contribution of a diverse number of different parameters (see Table 3 and Appendix A).



	
There is a need to develop classification systems that are more objective and better suited for integrating with ML. In this context, the use of connectivity parameters [2,62,63] offer a quantitative avenue to rock mass characterization. Connectivity parameters use the relationships between the average number of intersections per fracture, average fracture length per unit area (2D problems) or average fracture area per unit volume (3D problems), and number of fractures (per unit area or per unit volume). The advantage of using connectivity parameters rather than classification systems is the ability of the former to better differentiate whether rock mass behavior may occur as a stress-driven damage accumulation process, or a combination of stress-driven failure and sliding along existing fractures (concept of rock bridge potential in [2]), by using numerical models to compare the connectivity of natural fracture networks before and after failure.



	
At the same time, we need to understand the limitations of ML, which should not be considered a tool to reduce or remove subjectivity, nor should it be used as a tool that, in the context of rock engineering design, could provide more precise or accurate predictions. There is no such thing as ML objectivity unless the data used in the ML analysis is exclusively quantitative and free of human factors.



	
Paying closer attention to the words used in engineering standards and documents and ensuring that the correct terminology is used. As described by [7], there is an apparent advantage of using terminology and methods that have an underlying scientific tone when presenting and explaining engineering problems.









6. Conclusions


We understand that adopting fundamental changes may be challenging, and we accept that revisions as those herein proposed about redundant GSI quantification methods could attract criticism. However, if not questioned, practices established over time risk becoming empirical habits. There also remains the hazard of assigning an a priori validity to empirical methods based on personal experience without attempting any form of scientific reproducibility. We would like to conclude this paper by referring to the industry standard paradox proposed by [2], “The purpose of industry standards is to act in ways that regular and predictable engineering decisions can be made. However, the same regularity and predictability become natural enemy of changes since engineers—like most humans—tend to perceive changes as a loss”. This aspect is a demonstration of the concerns expressed in [2,64] that research may yield a diminishing return if we continue seeking answers in the same research areas that have yielded answers before without offering a true major breakthrough. Accordingly, rather than proposing new GSI quantification methods, we believe that research efforts should focus on introducing new characterization and quantification methods that are better integrated with advancements in digital collection methods.
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Figure A1. GSI chart for jointed rock masses [21]. 
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Figure A2. GSI chart for jointed rock masses [22]. 
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Figure A3. GSI chart for jointed rock masses [23]. 
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Figure A4. GSI chart for jointed rock masses [24]. 
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Figure A5. GSI chart for jointed rock masses [25]. 
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Figure A6. GSI chart for other rock masses [25]. 
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Figure A7. GSI chart for other rock masses [18]. 
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Figure A8. GSI chart for other rock masses [26]. 
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Figure A9. Quantified GSI chart [51]. 
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Figure A10. Quantified GSI chart [52]. 
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Figure A11. Quantified GSI chart [53]. 






Figure A11. Quantified GSI chart [53].



[image: Geosciences 12 00417 g0a11]







[image: Geosciences 12 00417 g0a12 550] 





Figure A12. Quantified GSI chart [54]. 
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Figure A13. Quantified GSI chart [55]. 
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Figure A14. Quantified GSI chart [56]. 
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Figure A15. Quantified GSI chart [57]. 
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Figure A16. Quantified GSI chart [41]. 
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Figure 1. Evolution of GSI and its quantification. 
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Figure 2. JCond89 ratings determined by a group of experienced rock engineering professionals for two core samples (Core Sample 1 includes nine observations, Core Sample 2 includes eight observations, with some of them overlapping). 
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Figure 3. RQD values determined by different rock engineering professions for (a) three different outcrops [58] and (b) two core samples. 
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Figure 4. RQD vs. velocity index graphs for (a) a threshold of 15 cm (assumed linear correlation with R2 of 0.46) and (b) a threshold of 10 cm (assumed power correlation with R2 of 0.46) (after [9]). 






Figure 4. RQD vs. velocity index graphs for (a) a threshold of 15 cm (assumed linear correlation with R2 of 0.46) and (b) a threshold of 10 cm (assumed power correlation with R2 of 0.46) (after [9]).



[image: Geosciences 12 00417 g004]







[image: Geosciences 12 00417 g005 550] 





Figure 5. GSI values calculated using the [38] quantification method. (a) GSI estimated using the RQD values from Figure 3a and assuming JCond89 rating of 20 (12 and 13 observation points for Sample 1 and Sample 2, respectively); (b) GSI estimated using the JCond89 values from Figure 2 and assuming RQD of 50% (nine and eight observation points for Sample 1 and Sample 2, respectively). 
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Figure 6. GSI chart with superimposed geology of different case studies (modified from [1,18,19]). 
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Figure 7. Irreversibility bias associated with a lack of detailed geological description. (a) The same rock mass behavior could be linked to both a massive/intact with fair jointing conditions and very blocky with very good jointing conditions. (b,c) show the combined impact of GSI and mi on the modelled rock mass response, highlining the impossible task to define a unique failure envelope for naturally variable rock masses. 
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Figure 8. Proposed qualitative revision of the GSI table (1997) [21] to better account for geology and the irreversibility bias (modified from [2,61]). 
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Figure 9. The allegory of the unnecessary labyrinth to explain the chaos created by adding a variety of quantification methods for something like GSI that is and will always remain a qualitative assessment. 
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Table 1. Scales of measurements. Modified from [14,15].
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Nominal

Words, letters and alpha numeric symbols are used to classify data.

	
Ordinal

The measurement represents an ordered relationship among the variable’s observations.

	
Interval

Distances along a measurement scale (intervals) used to classify, order and compare measurements.

	
Ratio

Interval measurement for which zero is permitted.




	
Example: weathering classes used in core logging, hardness field identification.

	
Example: several parameters used in rock mass classification systems.

	
Example: fracture length, fracture aperture.

	
Example: tensile strength, rock compressive strength.




	
Qualitative Assessment

	
Quantitative Measurement




	
Permissible statistics




	
Number of cases; Mode




	

	
Median; Percentile




	

	

	
Mean; Standard Deviation




	

	

	

	
Coefficient of Variation
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Table 2. Equivalencies between GSI, RMR and Q proposed in [3].






Table 2. Equivalencies between GSI, RMR and Q proposed in [3].





	GSI = RMR76′ for RMR76′ > 18



	GSI = RMR89′—5 for RMR89′ > 23



	GSI = 9lnQ + 44 for RMR76′ ≤ 18 or RMR89′ ≤ 23
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GEOLOGICAL STRENGTH INDEX FOR

JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33
to 37 is more realistic than stating that
GS| = 35. Note that the table does not
apply to structurally controlled failures.
Where weak planar structural planes are
present in an unfavourable orientation
with respect to the excavation face, these
will dominate the rock mass behaviour.
The shear strength of surfaces in rocks
that are prone to deterioration as a result
of changes in moisture content will be
reduced is water is present. When
working with rocks in the fair to very poor
categories, a shift to the right may be
made for wet conditions. Water pressure
is dealt with by effective stress analysis.
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VERY BLOCKY- interlocked,
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of bedding planes or schistosity
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with mixture of angular and
rounded rock pieces

locked, heavily broken rock mass
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value of GSI from the contours. Do not attempt to be too precise. Quoting a range ) % S5
from 33 to 37 is more realistic than giving GSI = 35. Note that the Hoek-Brown % ﬁ - %g
criterion does not apply to structurally controlled failures. Where unfavourably ZE i > 2
oriented continuous weak planar discontinuities are present, these will dominate 8 D E c:lx g
the behaviour of the rock mass. The strength of some rock masses is reduced by |} E o o3
the presence of groundwater and this can be allowed for by a slight shift to the t&) ZE 8 g
right in the columns for fair, poor and very poor conditions. Water pressure does L 8 8 5 3
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or without a few very
thin sandstone layers

E—

H. Tectonically deformed silty or
clayey shale forming a chaotic
structure with pockets of clay.

Thin layers of sandstone are
transformed into small rock pieces.
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GEOLOGICAL STRENGTH INDEX

From the description of structure and surface conditions of
the rock mass, pick an appropriate bux in this chart. Esti-
mate the average value of the Strength Index
(GSl) from the contours. Do not attempt to be too precise.
Quoting a range of GSI from 36 to 42 is more realistic than
stating that GSI = 38. It is also important to recognize that
the Hoek-Brown criterion should only be applied to rock
masses where the size of the individual blocks or pieces is
small compared with the size of the excavation under con-
sideration. When individual block sizes are more than ap-
proximately one quarter of the excavation dimension, failure
will generally be sirut:hlrally controlled and the Hoek-Brown
criterion should not be
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compact coatings or fillings of angular
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Slickensided, highly weathered surfaces
with soft clay coatings or fillings
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INTACT OR MASSIVE - intact rock spﬂ::lmens
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rock mass with multifaceted angular blocks
formed by four or more discontinuity sets

BLOCKY/DISTURBED - folded and/or faulted
with angular blocks formed by many intersect-
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DISINTEGRATED - poorly interlocked, heavily
broken rock mass with a mixture of angular and
rounded rock pieces
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VOLUMETRIC GEOLOGICAL STRENGTH INDEX (V-GSI)
FOR JOINTED BLOCKY ROCK MASSES

From the structure (discontinuities of tectonic, sedimentary,
or volcanic origin) and discontinuity surface conditions,
estimate the average V-GSI based on descriptors for joint
condition and structure or J Cond 889.

For 'Massive or Blocky at Scale of Interest' with V-GSI >75
check that the scale of the structure to be built on or in rock
is sufficiently large compared to the spacing of the
discontinuity sets present, |,e., when analyzing the stability
of an excavation where the span or height [width] of the
excavation is only three times the mean spacing of the
discontinuity sets in the rock mass, the Hoek-Brown criteria
should not be used. For span or width > 3 times mean
spacing, H-B can be used.

This chart applies to tunnels or slopes of about 10 m span
and slopes < 20 up to the 'Blocky' structure, i.e. for VFC =3
or greater. For tunnels or underground caverns >10 m and
slopes =20 m the full chart applies provided the check on

scale above is followed.
STRUCTURE

SURFACE CONDITIONS
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Rough, slightly weathered, iron-stained surfaces
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VFC RATING

MASSIVE or BLOCKY AT SCALE OF INTEREST
Intact rock with large-scale angular blocks
resulting from well-developed discontinuity sets (2
or more sets and need not be orthogonal). Mean
spacing of sets between 1m and 3 m (for VFC
counts < 1 fracture / m3 - mean spacing >3 m).

BLOCKY - well interlocked slightly undisturbed
rock mass made of angular to cubical blocks
from three or more discontinuity sets

(need not be orthogonal sets). Mean spacing
of sets between 0.3 m and 1 m.

VERY BLOCKY - interlocked partially undisturbed
rock mass made of multi-faceted angular

blocks from 3 or more discontinuity sets.

Mean spacing of sets between 0.1 and 0.3 m.

BLOCKY, DISTURBED/SEAMY - folded and
fractured with angular blocks formed by

three of more persistent discontinuity sets.

Mean spacing of sets between 0.1 m and 0.03 m.
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GSI No 2 FOR FISSILE MOLASSE (Mainly applicable for surface excavations)
(Hoek. E, Marinos. P and Marinos. V., 2004)

From a description of the lithology, structure and surface conditions (particularly
of the bedding planes), choose a box in the chart. Locate the position in the box
that corresponds to the condition of the discontinuities and estimate the average
value of GSI from the contours. Do not attempt to be too precise. Quoting a range
from 33 to 37 is more realistic than giving GSI = 35. Note that the Hoek-Brown
criterion does not apply to structurally controlled failures. Where unfavourably
oriented continuous weak planar discontinuities are present, these will dominate
the behaviour of the rock mass. The strength of some rock masses is reduced by
the presence of groundwater and this can be allowed for by a slight shift to the
right in the columns for fair, poor and very poor conditions. Water pressure does
not change the value of GS| and it is dealt with by using effective stress analysis.

COMPOSITION AND STRUCTURE

SURFACE CONDITIONS OF

DISCONTINUITIES

(Predominantly bedding planes)
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with soft clay coatings or fillings
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cemented conglomerates. The effect of pelitic coatings

on the bedding planes is minimized by the confinement

of the rock mass. In shallow tunnels or slopes these
bedding planes may cause structurally controlled instability.
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Qualitative Nature of GSI
By Means of Different Quantification Methods
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The “end” result (qualitative nature of GSI) has not changed (the labyrinth has same entry and exit doors)
but now users have to navigate through multiple paths (different quantification methods) without benefits
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