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Abstract
[bookmark: _Hlk2068905]Hydrogeological data sets are often relatively sparse compared to the scale of investigation, resulting in degrees of uncertainty which, although constrained, may be considered as not acceptable for achieving the desired precision in numerical modelling. The potential use of multivariate statistical methods in identifying correlations between geotechnical properties of the rock mass and hydraulic conductivity is demonstrated in this paper. These correlations can be used to develop an understanding of the hydrogeological properties of the rock mass away from areas where there is groundwater investigation borehole control, allowing a reduction in the degree of uncertainty in groundwater models.
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Introduction 
Groundwater flow at most hard-rock mine sites occurs predominantly through fractures. A conceptual understanding of the hydrogeological regime at such sites is critical for many aspects of mine development, including for mine water management and stability assessments. Quantification of hydrogeological properties is often achieved through the use of packer tests but, since such tests are time consuming and costly, it is not practical to test more than a limited number of boreholes across a site. In addition, a packer test interval of several metres length may intersect numerous fractures of varying aperture and orientation, leading to ambiguity regarding which fracture sets are contributing to flow. Previous studies (e.g. Morin et al. (1997)) have indicated that only a small proportion of fractures transmit flow. Upscaling the results of hydraulic tests for use in numerical models is fraught with difficulty due to the heterogeneity inherent in fractured rock aquifers; hydraulic properties at a given location are dependent on the presence and interaction of individual fractures and fracture zones, as well as the orientation, aperture and roughness of these features (Digges La Touche and Cottrell 1997).
In many instances hydrogeological field programmes are undertaken in conjunction with geotechnical studies. Therefore in addition to data relating to, for example, hydraulic conductivity from aquifer tests, there may be data from the same borehole relating to geotechnical properties such as fracture frequency and Rock Mass Rating (RMR). Previous attempts to use statistics to find correlations between geotechnical and hydrogeological data have met with limited success. For example, Mayer et al. (2014) found there was little correlation between hydraulic conductivity and common geotechnical measures of fracturing such as fracture frequency. However, the potential cost-saving benefits of using geotechnical properties to predict the hydrogeological characteristics of the rock mass remain. 
In this study, bivariate and multivariate statistical techniques are used to compare the relative value of geotechnical data collected through core logging and Acoustic Televiewer (ATV) logging in the prediction of hydraulic conductivity. In addition, Principal Component Analysis (PCA) is proposed as a method for assessing the most permeable fracture orientations at a fractured rock mine site in Scandinavia. 

Field Methods 
Hydraulic Testing
Packer tests were undertaken on 14 boreholes (GGW001-014) by a client-appointed subcontractor under guidance by Golder Associates UK Ltd (Golder). Test intervals within the boreholes varied from 8 to 50m in length with the majority of test intervals ~30m long, allowing a profile of hydraulic conductivity along the boreholes to be built. The midpoints of the test intervals were between 30 and 431 metres below ground level (mbgl). The intervals were isolated using two inflatable packers and the pressure recorded by transducers within the interval and at the surface as water was injected. The tests were analysed using Moye’s (1967) method, as referenced by Almén et al (1986).
Acoustic Televiewer Logging
ATV logging was carried out by a client-appointed subcontractor on boreholes GGW001-014. Golder were presented with an interpretation of the depths and apertures of the fractures, as well as the dip and dip direction of fractures in GGW011-014.
Geotechnical Logging
Core logging of GGW011-GGW014 was undertaken as part of the geotechnical investigation at the site. For these boreholes, fracture frequency values from the core logging and Laubscher’s Rock Mass Rating (RMR) (Laubscher and Page 1990) values are available in addition to the ATV data. 

Statistical Methods 
Bivariate Analysis
Bivariate analyses were undertaken to assess the correlations between geotechnical data and the hydraulic conductivity values. The hydraulic conductivity and various geotechnical parameters were found to have non normal distributions (based on a significance level of 0.05) following analysis using the Shapiro-Wilk Test for normality (Shapiro and Wilk 1965). As a result, Spearman’s Rank Correlation Coefficient (Spearman 1904) was used to assess the relationship between them.  This test measures the similarity between the ranks of two variables. 
Multiple Regression
Multivariate statistical methods allow the influence of different variables on hydraulic conductivity to be investigated simultaneously. Multiple regression is a technique used to predict the response of a dependent variable (hydraulic conductivity) to changes in independent variables (geotechnical parameters). The least squares model of multiple regression was used to identify an expression for hydraulic conductivity in the form:

Where y is the independent variable; β is a constant term; the x terms are the independent variables; and ϵ is a random error.
The hydraulic conductivity data have a distribution that is closer to log-normal than normal. The data were therefore transformed by calculating the log of the hydraulic conductivity and using the log values as the dependent variable when calculating the regression.
Principal Components Analysis
Principal Components Analysis (PCA) is a statistical technique in which the relationships between many variables are explained in terms of a smaller number of uncorrelated variables known as principal components. The principal components are created from linear combinations of the measured variables. The aim is to explain the greatest amount of the variance in the data using the smallest number of variables, thus revealing previously hidden patterns in the data. The principal components are the eigenvectors of the correlation matrix of the independent variables and are ordered such that the first principal component explains the greatest amount of variability. The principal components were calculated according to the equation:

Where Z is the matrix of principal component scores; V is the matrix of eigenvectors, also known as the factor loadings; and X is the data matrix. The principal component scores for each interval are thus weighted averages of the original variables. Dimensional reduction is achieved by retaining only a certain number of principal components, typically those that explain the greatest amount of variance in the data.
To investigate the influence of fracture orientation on hydraulic conductivity, PCA was used to combine the fracture orientation data into a score for a given interval that could be used in multiple regression analysis. The fracture aperture data for each interval were grouped into eight bins by summing the aperture of fractures with a dip direction in a certain range.  The correlation coefficients between the data contained in these bins were calculated and the eigenvalues and vectors for the correlation matrix then generated. 
Results and Discussion
 Hydraulic Conductivity
A total of 87 packer tests were carried out across 14 boreholes. The calculated hydraulic conductivity ranged from <3.52 x 10-11 m/s to 3.3 x 10-4 m/s, with a geometric mean of 1 x 10-8 m/s.
Bivariate Analysis
The correlation coefficients are presented in Table 1. There was a greater correlation between fracture frequency and hydraulic conductivity when the fracture frequency was calculated based on the results of ATV logging rather than core logging. ATV logging resulted in a lower fracture frequency than core logging. The correlation between fracture aperture and hydraulic conductivity is strong (r’ = 0.559, n = 87), demonstrating the importance of including aperture measurements when estimating hydraulic conductivity from geotechnical data. No significant correlation was found between hydraulic conductivity and RMR (r’ = -0.281, n = 29) at the 95% confidence level.
[bookmark: _Ref2154544]Table 1 Correlation coefficients with hydraulic conductivity
	Variable
	Correlation Coefficient

	Sum of fracture aperture across interval (ATV logging)
	0.559

	Elevation of interval midpoint (masl)
	0.529

	Fracture frequency (>0 mm) across interval (ATV logging)
	0.518

	Maximum fracture aperture (ATV logging)
	0.500

	Fracture frequency (>10 mm) across interval (ATV logging)
	0.468

	Fracture frequency (Core logging) 
	0.367

	Laubscher RMR (Core logging)
	-0.281



These findings are consistent with literature results; for example, Mayer et al. (2014) found no significant correlations between hydraulic conductivity and geotechnical properties including RMR and fracture frequency estimated from core logging. The results presented here suggest that ATV logging is a more advantageous use of resources than core logging when the objective is to predict hydraulic conductivity from geotechnical data, as not only does ATV logging allow the distinction between in-situ open and closed fractures to be made, in-situ measurements of fracture aperture are also possible. 
Multiple Regression
A number of intervals contained fracture zones as well as individual fractures. Fracture zones were not identified in any of the intervals with the ten highest hydraulic conductivity values, which suggests that the presence of wide fractures rather than zones is most indicative of potential areas of high flow at this particular site. However, completely excluding the fracture zone aperture from the analysis reduced the accuracy of the regression model, indicating that the fracture zones do make some contribution to the hydraulic conductivity. The most accurate equation found during multiple regression analysis incorporated the frequency of fractures with aperture > 0 mm (OFF), the sum of the fracture apertures across the interval (SAp), the number of fracture zones (NFZ), the width of the fracture zones (WiFZ) and the elevation of the interval (Z): 

The model is significant (F = 16.77, ρ = 2.41 x 10-11) and accounts for 48% of the variance.  The regression line for this expression relative to the field results is presented in Figure 1.
Principal Components Analysis
The eigenvalues and eigenvectors of the correlation matrix of fracture aperture data grouped by dip direction are presented in Table 2.
[bookmark: _Ref2171064]Table 2 Eigenvalues and eigenvectors of the correlation matrix of fracture aperture data and the variance accounted for by each principal component (PC).
	
	PC
	1
	2
	3
	4
	5
	6
	7
	8

	
	Eigenvalue
	5.247
	0.732
	0.594
	0.516
	0.389
	0.248
	0.195
	0.079

	Dip Direction (°)
	0-45
	0.328
	-0.440
	-0.373
	-0.508
	-0.297
	0.283
	-0.366
	0.022

	
	45-90
	0.313
	0.560
	0.230
	-0.607
	-0.127
	0.083
	0.380
	-0.009

	
	91-135 
	0.298
	-0.517
	0.683
	-0.148
	0.317
	-0.177
	0.015
	0.157

	
	136-180 
	0.365
	0.027
	0.280
	0.344
	-0.646
	-0.218
	-0.139
	-0.430

	
	181-225
	0.368
	0.172
	-0.377
	-0.085
	0.307
	-0.743
	-0.198
	-0.011

	
	226-270
	0.389
	0.309
	0.067
	0.346
	-0.027
	0.252
	-0.313
	0.683

	
	271-315
	0.387
	0.104
	-0.046
	0.185
	0.527
	0.467
	-0.087
	-0.547

	
	316-360
	0.369
	-0.298
	-0.338
	0.271
	-0.075
	0.022
	0.747
	0.152

	Variance (%)
	
	65.59
	9.15
	7.42
	6.44
	4.86
	3.1
	2.44
	0.98



The correlation coefficients between each principal component and hydraulic conductivity were calculated to assess which principal components to retain in the multiple regression analysis. The correlation coefficients are presented in Table 3.
[bookmark: _Ref2171157]Table 3 Correlation coefficients between each principal component (PC) and hydraulic conductivity. 
	
	PC1
	PC2
	PC3
	PC4
	PC5
	PC6
	PC7
	PC8

	r’
	0.5
	0.67
	0.29
	-0.27
	0.16
	-0.1
	-0.03
	-0.25



The first two principal components account for approximately 75% of the variance in the data. PC1 is positively associated with all fracture orientations. The relationship between hydraulic conductivity and PC1 indicates that, unsurprisingly, an increase in the fracture aperture is positively correlated with hydraulic conductivity. The factor loadings for the first principal component are greatest for fractures with a dip direction between 136 – 360°, suggesting that this relationship is most marked for fractures with a dip direction in this range (Table 2).
The second principal component has the strongest correlation with hydraulic conductivity. PC2 has a positive association with fractures with a dip direction between 45-90° and 226-270°, but a negative association with fractures with a dip direction between 0-45° and 91-135° (Table 2). This indicates that fractures with a dip direction between 0-45° and 91-135° are not greatly contributing to flow in the boreholes. 
Principal component scores were generated for each interval using the method described above. Combinations of Principal Components 1 – 4 were used in multiple regression analyses with the interval elevation (Z) and the width of the fracture zones (WiFZ). The results are presented in Table 4.
[bookmark: _Ref2171335]Table 4 Variables used in multiple regression analysis and the adjusted R2 associated with the models
	Variables 
	Adjusted R2
	Justification for selection of principal components

	PCs 1,2,3,4 and Z
	0.75
	Correlated with K and explain 89% of variance

	PCs 1,2,3,4, Z and WiFZ
	0.79
	Correlated with K and explain 89% of variance

	PCs 1,2 and Z 
	0.67
	Correlated with K and explain 75% of the variance 

	PCs 1,2,  Z and WiFZ
	0.66
	Correlated with K and explain 75% of the variance 


The most accurate regression model has an adjusted R2 value of 0.79, a 30% improvement from the most accurate expression that does not consider fracture orientation (presented in the multiple regression section of this paper). This demonstrates that fracture aperture alone does not necessarily imply that a fracture will be permeable. The improvement is shown graphically in Figure 1.
[image: ]
[bookmark: _Ref2175445]Figure 1 The regression lines from the PCA and multiple regression sections compared to the field results.
The most accurate expression incorporated four principal components, elevation (Z) and the width of the fracture zones (WiFZ):

The weight applied to each dip direction in the regression models can be calculated by summing the product of the regression coefficients for each principal component and the factor loading for each dip direction. The greater the weight applied to each dip direction the greater the importance fractures in that direction have in the regression model. In this example, the more permeable fractures were found to have a dip direction between 136 – 315°. The lack of orientated data at the other boreholes prevents the assessment of whether this is a localised phenomenon or applicable to the site as a whole; however, there is clear potential for PCA to be used to constrain the most transmissive fracture orientations where packer test intervals intersect fractures of different orientations.  
It was considered that dimensional reduction using PCA was of limited use when assessing the dip angle data due to the reduced number of categories considered compared to the dip direction assessment. However, in regression models using the original dip angle data the greatest weight is applied to shallowly dipping fractures (0-30° dip), implying that there is a greater correlation between these fractures and hydraulic conductivity than higher angle fractures at this site.
Conclusions
Consideration of the strength of the correlations indicates that the fracture frequency and aperture measured in-situ by ATV logging are more effective at predicting hydraulic conductivity than fracture frequency and Rock Mass Ratings calculated from the results of geotechnical core logging. Nevertheless, it is important to note that the aperture is not necessarily constant along the length of the fracture and may have been locally altered during drilling. It is also necessary to make the distinction between individual wide fractures and fracture zones when analysing ATV data. 
Principal Components Analysis can be used to compute a score for each packer test interval so that the fracture aperture associated with different fracture orientations can be included in regression analyses. Using this method, an interpretation can be made regarding the most permeable fracture orientations. However, fractures may present differently at different boreholes, creating difficulties in upscaling correlations between fracture orientation and hydraulic conductivity. A cost-benefit analysis would be required to assess whether the additional effort required to collect orientation data is a worthwhile investment at a given site, based on the specific purpose of the data collection.
There is potential for this methodology to be used to reduce the degree of uncertainty associated with the hydrogeological properties of groundwater models developed for mine dewatering or environmental impact studies. When used in conjunction with a derivation of hydraulic conductivity through upscaling of discrete fracture network (DFN) modelling, multivariate statistical analysis using associated geotechnical data is a powerful hydrogeological tool.
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