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Abstract

The operation of open-pit mines requires a good understanding of the hydraulic properties of rock mass,
especially hydraulic conductivity. Hydraulic conductivity is the ability of a rock mass to transmit water through
pore spaces and/or fractures, which is of great importance in investigating issues such as seepage, drainage,
and pit slope stability. Therefore, the researchers are searching for an appropriate method for determining the
hydraulic conductivity of the rock mass. This study determined an empirical relationship of hydraulic
conductivity based on parameters obtained from exploratory and geotechnical boreholes, including Rock
Quality Designation (RQD), joint spacing, and compressive strength. The images of the core samples drilled
in the western anomaly A of the Sangan iron mine were examined for this. The RQD value for each drilling
interval was calculated by re-logging. By examining the drilling core images, the hydraulic conductivity of
each drilling run along the borehole was evaluated by qualitative variables. Then, qualitative variables were
converted to quantitative values using empirical relationships with similar geological conditions and hydraulic
conductivity coefficients based on rock type. Finally, scatter plots of changes in hydraulic conductivity relative
to the factors RQD, depth, joint spacing, and compressive strength were drawn, and regression curves were
fitted to each plot. It was found that with an increase in depth, joint spacing, and compressive strength of the
rock, hydraulic conductivity decreases. Still, there is no high correlation between changes in hydraulic
conductivity and each of these factors. The results show that the relationship between hydraulic conductivity
and RQD has a very high coefficient of determination (R?=0.8247). Therefore, this empirical relationship can
be beneficial for estimating the hydraulic conductivity of the studied area.
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1- Introduction

Hydraulic conductivity is one of the essential characteristics of rock masses, and it significantly
affects pore water pressure, groundwater level, water flow rate, and pit slope movements subject to
mining operations. Many mining media have pores, joints, and cracks that act as conduits to transfer
water into the mining area [1]. In addition, mining operations disrupt the natural stress in the rock
mass around the mining site and cause deformation, especially fractures. By creating new fractures
or opening pre-existing fractures in the rock mass, the hydraulic properties of the rock mass around
the mining area will naturally change. As a result, the hydraulic conductivity will generally increase
in horizontal and vertical directions. This causes a larger volume of water to be entered into the mining
works through the fractures of the rock mass, leading to destructive effects in the working areas of
the mine [2]. The hydraulic conductivity of the rock mass is determined for many purposes, such as
determining the amount of water seepage around the pit walls, estimating the erodibility of the rock
mass, determining the amount of water inflow entering the pit, designing the drainage system, etc. In
addition, in some industrialized countries, deep underground excavations in hard rocks are considered
suitable places to bury nuclear waste. Hence, the study of the hydraulic conductivity of rocks,
groundwater flow, surface water infiltration, and the transport of dissolved radioactive pollutants
through the groundwater flow system has become an important issue [3]. Estimating hydraulic
conductivity is a significant task and is a preliminary stage in developing groundwater flow and
contaminant transport models associated with mining. Many characteristics of groundwater flow in
the rock mass media highly depend on the values of this parameter, and the most successful prediction
of the state of groundwater flow in the rock masses is related to the accuracy in determining the
hydraulic conductivity parameter. Several factors affect the hydraulic conductivity of rock masses,
including the amount and type of stress and the dimensions and characteristics of discontinuities
comprising aperture, density, persistence, orientation, interconnectivity, filling material, and
roughness. Moreover, the geological and tectonic parameters, including depth, RMR, RQD, GSI,
uniaxial compressive strength of rocks, and rock type, also affect the hydraulic conductivity of the
fractured rock masses [4].

In the current study, an empirical relationship is presented for determining the hydraulic
conductivity of the rock mass using geotechnical data obtained from the exploratory boreholes based
on the influential factors in the desired pit area. Using this method to determine a proper relationship
for hydraulic conductivity is a new idea for implementing this method. Information on the Sangan
iron mine in northeast Iran has been used. Based on this, to empirically estimate the hydraulic
conductivity of the rock mass, the influential factors, including RQD, depth, joint spacing, and the
compressive strength of the rocks and their interaction in determining the hydraulic conductivity,
were first investigated and analyzed. This allows parameters affecting hydraulic conductivity in the
study area to be determined.

2- Methods

In this study, to determine the hydraulic conductivity (K), the images of the cores taken from the
geotechnical borehole BHAK-23, BHAK-41, and BHAK-61 were first checked, and the value of
RQD was calculated by re-logging of each drill run. By examining the drilling core images, the
hydraulic conductivity of each drilling run along the borehole was evaluated using qualitative
variables A, B, C, and D (Figure 1). To convert qualitative variables to quantitative ones, the average
hydraulic conductivity was calculated in each borehole considering depth factors, RQD, and rock
type and applying empirical relationships used in the areas exhibiting the same geological conditions
[5-7] and also using the relationships developed based on the rock type only [8-10]. For example, the
average hydraulic conductivities calculated in some segments of the length of the borehole BHAK-
23 are presented in Table 1. Then, the most considerable calculated value corresponding to qualitative
variable A and the smallest value corresponding to D were considered, and variables B and C were
also transformed into quantitative variables relative to A and D (Table 2).

Finally, to obtain an empirical relationship for the hydraulic conductivity of anomaly A in the
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Sangan iron mine, the scatter plot of the evaluated hydraulic conductivity variations in the previous
stage was drawn based on each of the factors RQD, depth, joint spacing, and rock compressive
strength. Regression curves were fitted to each of the plots, which will be further examined and
analyzed to provide a suitable empirical relationship for estimating the hydraulic conductivity of the
studied area.

Figure 1. An example of the image of the evaluated drilling core
Table 1. Hydraulic conductivity estimated by empirical relationships of borehole BHAK-23

Joint C . Hydraulic conductivity based on different Average
Dept | RQD | Rock | ¢ pglc? g "Srt';gr’];sh“’e factors (m/s) Hydraulic
% t Rock Conductivit
(m) | (%) ype (mm) (Mpa) type 19 Depth™ | RQD © | RQD ™ On(r;];:s )IVI y
175 0 Shale 0 0 1005 | 506x107 | 1.38x10° | 1.03x10° 3.84x10°
62.5 70 Shale 130 375 107105 | 2.75x107 | 1.07x10° | 1.34x107 3.71107
64.5 30 Shale 0 0 1005 | 2.71x107 | 3.62x106 | 1.27x107 | 1.004x10°
130.5 65 Limestone 0 0 108 1.93x107 | 1.3x10° | 4.12x10° 3.85x107
136.75| 50 Basalt 400 75 10115 | 1.89<107 | 2.08x10° | 3.82x10°8 5.78x107
140.25| 48 Shale 400 375 10105 | 1.86x107 | 2.21.10° | 3.67x10% |  6.07x10”
14175 30 Basalt 0 0 1015 | 1.85x107 | 3.62x10° | 3.61x10° 9.59x107
443.3 | 125 | Limestone 0 0 108 1.07x107 | 6.24x10° | 5.82x10° 1.6x10°
Table 2. Qualitative and quantitative parameters of hydraulic conductivity evaluation
Linguistic | Qualitative Quantitative value of
variable value corresponding hydraulic conductivity (m/s)
Very High A 5.58958x10°
High B 3.73639x10°
Moderate C 1.8832x10°
Low D 3.00059x10°®

3- Findings and Argument

The results of investigating the relationship between hydraulic conductivity and different
parameters revealed that a good correlation between hydraulic conductivity and RQD indicates the
fairness of this relationship for the study area. Therefore, the regression equation (Figure 2 and Eqg.
1) can provide a valuable tool for predicting the hydraulic conductivity of the rock mass as a function
of measured values of RQD per each drilling run of the borehole length in the western deposits of the
Sangan iron mine.
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Figure 2. Regression result of hydraulic conductivity (K) with RQD

6, ,~0.058RQD

K =6x10~ R? = 0.8247 (Eq. 1)

In order to further verify the applicability of the empirical relationship obtained for estimating the
hydraulic conductivity of the rock mass of the study area, the values estimated from Eq. 1 have been
compared with those obtained from the equation presented by Hsu et al. (2011) [11]. Hsu et al.'s
equation relies on the RQD, depth, gouge content, and lithology indices to estimate rock mass
hydraulic conductivity, and it is highly similar to the work done in this research. In the equation of
Hsu et al., the hydraulic conductivity index (HC) is defined as Eq. 2.

HC = (1—@)(DI)(1—GCD)(LPI) (Eq. 2)

100
RQD is the rock quality designation; DI represents the depth index; GCD is the gouge content
designation; and LPI is the lithology permeability index.

Finally, the relationship between hydraulic conductivity and HC index presented by Hsu et al. with
a coefficient of determination of 0.866 can be expressed by Eq. 3.

K = 2.93x10 70 x (HC)1-38 (Eq. 3)

where K is the hydraulic conductivity (m/s).

This comparison was made for some segments of the total length of a borehole that intersected
shale, limestone, and basalt. By comparing the values of hydraulic conductivity estimated by Eq. 1
and the values obtained using the equation of Hsu et al., it was found that the results of the empirical
equation presented here are very close to those obtained from the empirical equation of Hsu et al.
Therefore, it is possible to understand the rationality of the estimated hydraulic conductivity values
resulting from Eq. 1.

By using Eq. 1, the hydraulic conductivity in the study area can be obtained directly from the
logging or re-logging information of exploratory boreholes, which reduces the cost of in-situ
hydraulic tests and the duration of determining the hydraulic conductivity of the rock mass in the
investigated area to the minimum possible.

4- Conclusions

One of the critical parameters that must be determined in the hydrogeological investigations of
mines is the hydraulic conductivity of the fractured-porous rock mass. By correctly determining the
hydraulic conductivity parameter, it is possible to accurately predict groundwater inflows to a mine
pit and design a proper drainage system. Based on this, various methods, including in-situ methods,
experimental, analytical, and numerical methods, have been presented to estimate hydraulic
conductivity. However, the equations obtained are only valid for a specific geological condition or
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mines with similar geological characteristics. However, a particular equation should be determined
for a mining site with different geological and lithological conditions.

In this study, in order to determine a relationship between hydraulic conductivity and RQD, depth,
joint spacing, and rock compressive strength parameters, scatter plots of changes in hydraulic
conductivity relative to each of these factors were drawn, and regression curves were fitted to each
of the plots. The analysis results showed an exponential relationship between the two parameters of
hydraulic conductivity and RQD with a good coefficient of determination (R?=0.8247). In addition,
to validate and confirm the obtained equation, Hsu et al.'s empirical formula was used, and it was
found that the estimated values are very close to the results obtained using Hsu et al.'s equation. The
resulting equation provides a valuable tool for predicting the hydraulic conductivity of the rock mass
based on the measured RQD values. From the equation obtained for hydraulic conductivity as a
function of RQD, it is possible to estimate the hydraulic conductivity of the rock mass of the study
area by using the logging information from exploratory and geotechnical boreholes. Estimating the
hydraulic conductivity using the equation presented here and high accuracy is cost-saving and time-
efficient. This study also showed that such an approach is very productive for subsurface
hydrogeological assessment, especially in the absence of hydraulic test data due to limited financial
resources.
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