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Abstract: The determination of rock seepage characteristics is a complex phenomenon due to the
variability, discontinuities, and formation age of rocks. The available literature on rock mechanics
covers empirical relationships and approaches for the estimation of seepage characteristics from
the rock mass parameters. In this study, an area comprising of infrastructure such as a water
reservoir, embankments, roads, etc., constructed on mix rock mass formations was selected. The
field and laboratory tests’ geo-mechanical data for the study area were evaluated. The data obtained
from the field geo-mechanical engineering tests like Rock Quality Designation (RQD), Rock Core
Recovery, Lugeon, etc., were analyzed. The data retrieved from the geological and geotechnical
laboratory tests such as petrography, uniaxial compression, Hoek shear, elastic modulus, etc., were
also evaluated. Rock mass was characterized based on petrographic and RQD, and was found
in the hybrid formation of igneous, metamorphic, and sedimentary deposits. Seepage analysis in
the study area was also carried out based on adit and piezometric data (installed in accordance
with the mining technology guidelines), using Seep W Finite Element Method (FEM). The seepage
observed in adits were compared with seepage calculated from Seep W. The trend of simulated
flux was also presented against K ratio. Seepage quantities for different ranges of K ratio were
plotted to evaluate interdependency between seepage and K ratio. Correlations of RQD were
developed with hydraulic conductivity “k” for igneous, metamorphic, and sedimentary rocks for
quick assessment of seepage characteristics of rock mass by RQD. These correlations and seepage
related evaluations will be beneficial for the characterization of rock mass in relation to seepage for
sustainable infrastructure development.

Keywords: rock mass; hydraulic conductivity; sustainability; rock mechanics; geotechnical engineering;
geomechanical engineering; mining technology

1. Introduction

A large percentage of the earth surface is comprised of rocks. This makes rocks one
of the significant areas of study for researchers. Rock is a basic unit of rock mass. Rock
mass needs to be studied for resilient development leading to a sustainable environment,
as the desired carbon emission is less during infrastructure developments [1]. Various
researchers performed risk assessments for large infrastructure development projects using
techniques ranging from conventional to hybrid nature to make them more sustainable [2].
The isotropic and anisotropy behavior of rock was studied by various researchers. The
behavior of rock is different in an anisotropy condition as compared to normal isotropic
conditions [3].

Rock mass is a collection of a rock body, which has distinct rock features like dis-
continuities, joints, and different planes of orientation. Types of rock mass are defined
based on its classification systems. There are a number of rock mass classification systems
with different relevant significance and uses. A few of them are Rock Quality Designation
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(RQD), Barton Q system, and Rock Mass Rating (RMR). Among these, RQD is the most
widely used rock classification system.

When a rock mass is in contact with water, the water tries to migrate into the pores of
the rock mass and into the fractures. This penetration of water into the openings creates
reduction in effective stress. This reduction in effective stress can reduce the strength and
cause sliding of the water-affected mass. This water-affected mass, when holding material
above it, leads to overall sliding of the inclined rock mass, causing slope failures. The
cases of rock mass failures prone to seepage have been observed in different parts of the
world in recent years. The ease with which fluid may travel through rock mass is termed
seepage. The rock mass that allows a higher quantity of fluid to flow through it with more
ease is more seepage prone compared to one that exhibits more resistance to the flow of
fluid through it. The seepage of rock mass is governed by fractures. If the discontinuities
are open and wide, the ease of the flow of fluid through rock mass will increase. The
seepage can be estimated through the hydraulic conductivity of rock mass. The hydraulic
conductivity is more often used in rock mass to represent the seepage. For determination
of rock mass hydraulic conductivity in the field, the Lugeon test, also known as Water
Pressure Test (WPT), can be used [4,5]. For determination of hydraulic conductivity in the
field and in the laboratory, the Darcy (1856) relation can be used, as follows:

Q = AV = Aki (1)

where “Q” is the rate of flow in m3/sec, “A” is the cross-sectional area, “i” is the hydraulic
gradient measured in the direction of flow, and k (m/sec) is the hydraulic conductivity.

Various researchers have determined patterns of hydraulic conductivity in rock mass
fractures. They have proposed treatment methods for the rock mass fractures to make them
more durable/sustainable against the effects of seepage. Hydraulic conductivity validation
in rock mass fractures in mining technology has also been experimentally and numerically
modeled by various researchers in the past [6–10]. Table 1 shows few noticeable correlations
established between hydraulic conductivity and RQD.

Table 1. Summary of noticeable correlations available in literature between rock quality designation
(RQD) and hydraulic conductivity.

Sr. No. Equation R2 Rock Type Data Type Reference

1 k = 177.45 × e−0.0361×RQD 0.64
Sedimentary

Borehole data
[11]

2 k = 890.9 × e−0.0559×RQD 0.87 Field mapping data
3 k = 0.01382− 0.0031 ln RQD 0.70 Borehole data [12]

Where k is hydraulic conductivity and RQD is rock quality designation.

The rock mass internal and external factors deciding its mechanical behavior are key
for its sustainable evaluation. Rock mass internal factors include pattern of discontinuities,
strength/stiffness, fracture, behavior, friction factor, fracture distribution, etc. The effect
of secondary constituents like clay filling and chemical changes causing variations in the
rock mass discontinuities was studied by various researchers [5,13–22]. There are several
external factors of rock mass such as location, geological formation, and type of infrastruc-
ture. Various infrastructures cause stress removal caused by excavation, fracture filing due
to a water reservoir, fluid injection due to hydro-fracturing, and associated activities (oil
and water), causing stress changes in rock fault, etc., which affect its behavior [8,10,23–28].
Literature reported the typical ranges of internal and external factors of rock mass. For
evaluation of these factors, different destructive and nondestructive techniques can be em-
ployed [4,29–31]. Various simulation tools were also discussed in different studies for the
prediction of rock mass internal and external factors. These simulation tools were employed
to evaluate the response of external factors to interval properties of rock mass [6,7,9,32–41].

It is well established that for any infrastructure built on or in the rock mass, the
seepage may affect its sustainability, including service life, working conditions, utility,
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etc. [26–28,32,42]. The assessment of the hydraulic conductivity of rock mass allows the
designers, constructors, and operators to forecast the response of rock mass against seepage
behavior during sustainable evaluation of the infrastructure.

The effect of seepage can contribute, in a number of ways, to harming not only general
ground conditions but also infrastructure facilities. Man-made activities such as blasting
also affect the seepage in rock mass by causing destruction (opening of joints), affecting the
steady state regime in comparison to pre-blast rock mass characteristics [25]. In addition to
total failures, the problem of seepage poses threats to the stability of structures such that
the cost of repairs becomes higher than original measures adopted at the time of design, as
shown in Figure 1.
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Rock Quality Designation (RQD) is one the most quickly determinable rock mass
parameters that can be evaluated with relative ease. Hence, in literature, an attempt
was made by most of the researchers to correlate RQD with hydraulic conductivity. The
correlations available for rock mass composite formations are quite limited in literature.
This may be due to the rock mass’ variations and its relatively non-homogenous behavior.
The high cost of field and laboratory tests of rock mass is another significant factor.

An attempt was made in this study to identify rock mass formations surrounded by
developed infrastructures and water front. Characterization of rock mass and its respective
seepage response was planned to be determined from the geomechanical engineering
database of the developed infrastructures by developing suitable correlations. The seepage
and pressure head database from the adits and installed piezometers (in accordance with
mining technologies) was also planned to be compared with actual seepage observed in
the rock mass through Finite Element Model (FEM). The behavior of rock mass related
to seepage was planned to be investigated by changing hydraulic conductivity, during
preparation of model. The finite element methods (FEM) was used and both rock mass
characteristics and hydraulic conductivity parameters, were varied in the FEM model.
These variations in FEM models were carried out to observe the response of seepage due to
change of rock mass characteristics. The FEM model results were validated with seepage
results obtained from field instrumentations.

2. Materials and Methods

The following methodology was devised to achieve the objectives of the study:
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• Extensive review of literature related to rock mass formation, distribution, and seepage
characteristics in Pakistan and other countries. Different stakeholders involved in
the infrastructure development projects on rock mass, such as the Geological Survey
of Pakistan (GSP), Water and Power Development Authority of Pakistan [43], etc.,
were approached for guidance in study area selection and a collection of necessary
geo-mechanical engineering data.

• Based on a review of literature and meetings with stakeholders, the study area was selected.
• A reconnaissance survey was carried out as per the guidelines of International Society

of Rock Mechanics (ISRM) for study area profiling.
• Analysis of rock mass types, discontinuities/fault lines, etc., of the study area was

carried out from the database of the Geological Survey of Pakistan.
• Field and laboratory tests (rock coring, Lugeon, uniaxial, triaxial, Hoek direct shear,

point load index, etc.) and data (geological and geotechnical) obtained from WADPA
were analyzed in accordance with relevant ASTM/ISRM standards.

• The rock types were classified based on the Rock Quality Designation (RQD) clas-
sification system and petrographic analysis. Determination of different rock mass
properties including RQD, hydraulic conductivity, uniaxial compression strength,
cohesion, friction angle, tensile strength, young’s modulus, poison’s ratio, specific
gravity, void ratio, water absorption, seepage characteristics (hydraulic conductivity
(K), anisotropy hydraulic conductivity (K ratio (Ky/Kx)), etc., were carried out.

• A seepage analysis model of the rock mass observed at the study area was also
prepared using Seep W software. The input parameters, such as K, Ky/Kx, and
boundary conditions were established for the model, keeping the nomenclature of the
study area.

• In the study area, actual seepage data obtained from adits and piezometers were also
compared with seepage characteristics (discharge and pressure head) obtained through
Finite Element Model (FEM) Seep W model. Trends between seepage characteristics
in rock mass were also plotted for assessment of the necessary seepage profile of the
rock mass.

• Suitable correlations between RQD and hydraulic conductivity for observed rock mass
were proposed.

The characterization of identified rock mass deposits in the study area and evaluation
of their seepage behavior for utilization in possible future infrastructure developments of
similar rock mass types was the most important objective of this study.

3. Results & Discussions

Various literature sources such as journals, books, conference proceedings, reports,
etc., related to the topic under study were consulted. Nomenclature of rock mass formation
was evaluated in detail. The information obtained from literature was discussed with the
experts from the WAPDA and GSP. The stakeholders were briefed about the objectives of
the study area selection; that the area should comprise rock mass formation along with
existing infrastructures close to the waterfront.

The Himalayan mountain-system of South-Central Asia in the northwestern part of
Pakistan was selected as the study area (Figure 2). The region is primarily comprised of
composite rock mass types, i.e., igneous, sedimentary, and metamorphic. The geological dis-
tribution primarily observed was non-fossiliferous deposits and gabbroic (dolerite/diabase)
intrusions (Precambrian to Permian age). The reconnaissance survey results also revealed
that the rock mass formations were developed due to tectonic and extensive folding of
the geological structure. The shearing and faulting patterns can be associated with Indian
sub-continental crustal deformation that arose under thrust in the Indian sub-continental
plate below the Eurasian plate.
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Figure 2. Location plan of study area.

ISRM recommended to carry out rock mass profiling using visual inspection and
photographic techniques. The same guidelines were adopted in this study. After selection
of the study area, detailed site visits were carried out for necessary profiling of the study
area through visual inspection, meetings with local stakeholders, and photographic records.

Figure 3 shows the distribution of existing infrastructures such as roads, embankments,
waterfront, rock mass, etc., at the study area.
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Figure 3. Details of the study area during reconnaissance. (a) A view of rock mass with a road passing
on the front. (b) Rock mass cut slopes facing the waterfront.

During reconnaissance, the stakeholders’ representative at the study area jurisdiction
were also contacted for historical database collection and seepage monitoring locations
identification. Figure 4 shows location of a few of the existing instrumentation at the study
area. The locations of field and laboratory tests points obtained from WAPDA database
were also verified. The experiences of local stakeholders about the rock mass and its
behavior in relation to the seepage was also brought on record.
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Figure 4. Study area details observed during reconnaissance. (a) View of an adit shown in cut slopes.
(b) Piezometer installed.

Figure 5 shows that the study area comprises of composite rock mass types, i.e.,
igneous (quartzite), metamorphic (schist), and sedimentary (limestone, shale). The igneous
rock observed was intrusive in nature and without bedding planes. These rocks usually
were found less seepage-prone in response. The sedimentary and metamorphic rocks
were found with more discontinuities and bedding planes resulting in more seepage-prone
behavior. The orientation, location, and distribution of fault lines in rock mass may impact
the critical seepage path to be used during FEM analysis. The seepage values determined
from field instrumentation may also show inconsistency due to presence of faults in the
rock mass. The seepage response against rock mass composite formation is a quite complex
phenomenon. Very often during seepage analysis in such formations, the weakest rock type
is modeled as a representative of the whole formation, which may not be the representative
of actual field conditions. Correlations between rock formation and quantity of seepage are
also not commonly available in literature.
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Details of field and laboratory explorations at the study area are summarized in Table 2,
as received from WAPDA. The location of seventeen boreholes was also marked during
reconnaissance, as shown in Figure 6. The data obtained from field and laboratory tests
were analyzed and evaluated; the summary of which is presented afterwards. Boreholes
were drilled in the rock mass formation by straight rotary drilling method using double tube
core barrel of NQ/NX size. The maximum depth of a borehole was 120 m. The rock core
samples were retrieved from the boreholes and preserved for laboratory testing at regular
interval. Lugeon tests were performed in boreholes at regular intervals of 3 to 5 m depth.
A total of 1234 RQD observations were made in the boreholes and a total of 161 Lugeon
tests were performed in the boreholes. Thirteen boreholes were drilled vertically; two at
an inclination of 30 degrees and two were drilled horizontally. The rock mass samples
collected from each borehole were subjected to laboratory evaluation. The laboratory tests’
matrix was planned in a way to record physical, strength, and elastic properties of the rock
mass at different depths of borehole exploration. Some typical photographic records of the
rock cores obtained from the boreholes are shown in Figure 7.

The summary of the typical range of core recovery (percentage), RQD, and Lugeon
observed in different boreholes is presented in Table 3. The representative rock core samples
obtained from the boreholes based on typical RQD range were subjected to petrographic
analysis in the laboratory. Presented in Table 4 are the results of petrographic analysis.
The results of petrographic analysis show that igneous formation with RQD 0–100 is
comprised primarily of amphibole and plagioclase. Sedimentary formation with RQD 0–98
is comprised predominantly of calcite. Similarly, metamorphic formation with RQD 0–80
is comprised predominantly of quartz and muscovite/sericite. The results of RQD and
petrographic analysis were used for primary and secondary rock classification, as shown in
Table 3.

Figure 8 shows a typical subsurface profile of rock mass formation based on the
analysis of boreholes and laboratory test data. The Natural Moisture Content (NMC) varies
up to 0.4% for igneous, 3.34% for metamorphic, and 0.97% for sedimentary rocks. The
unconfined compressive (UCS) strength values vary from 14 to 274 MPa for igneous, 14 to
153 MPa for metamorphic, and 43 to 105 MPa for sedimentary rocks. The UCS values
observed in igneous, metamorphic, and sedimentary rock mass deposits are comparable
with the UCS values reported in ISRM. The point load strength values changes from
1.84 to 15.58 MPa for igneous, 0.61 to 6.03 MPa for metamorphic, and 1.05 to 5.51 MPa for
sedimentary rocks, respectively. The typical Brazilian tensile strength values range from
8.79 to 19.91 MPa for igneous, 7.58 to 11.06 MPa for metamorphic, and 7.29 to 22.02 MPa
for sedimentary rock mass. The cohesion through Hoek direct shear test was found in a
range of 0.01 to 0.53 MPa and 7.29 to 13.56 MPa; similarly, the friction angle from Hoek
direct shear test ranges from 21.1 to 42.1 degree for igneous and 13.56 to 14.29 degree for
sedimentary rocks. The values of Young’s modulus vary from 17,400 to 301,000 MPa for
igneous, 17,200 to 82,600 MPa for metamorphic, and 28,100 to 69,900 MPa for sedimentary
rock mass. Table 5 shows the summary of typical range of geotechnical and geological
engineering parameters in rock mass.

A seepage analysis model of the rock mass observed at the study area was also
prepared using Seep W software. The input parameters such as K, Ky/Kx, and boundary
conditions were established for the model, keeping the nomenclature of the laboratory and
field test data of the study area.

To assess seepage characteristics of rock mass, a steady state seepage analysis was
performed. A computer program, Seep W based on Finite Element Model (FEM), was used
for analysis. The seepage analysis was carried out using a test cross section of the existing
waterfront shown in Figure 9. The test cross-section was carefully prepared to include
the existing instrumentation (adits and piezometers), with respect to their locations and
elevations. The reservoir level at the upstream of this cross-section was at 472.5 m, while
downstream it was at 341 m level.
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Table 2. Details of geological and geotechnical exploration.

Borehole
No.

Depth
(m)

BH.
Inclination

Degree

RQD
No.

Lugeon
No.

Bulk
Density

NMC *
[44]

Water
Absorption

(%) [45]

Sp.
Gravity

[45]

UCS ***
[46]

Point Load
Strength [47]

Brazilian
Tensile

Strength [48]

Hoek
Direct

Shear [49]

Young’s
Modulus

[46]

Poisson’s
ratio [46]

Field Testing Laboratory Testing

BH-01 60 Vertical 61 5
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Seep W module uses the nodal mesh structure of elements, with defined material
properties and boundary conditions, to evaluate the quantity of seepage through the
rock mass. A 5 m mesh size was used in the model. Two-dimensional seepage flows
through a rock mass in Seep W was calculated by following differential equation, which is
a combination of Laplace and Darcy’s law:

d
dx

(
Kx

dH
dx

)
+

d
dy

(
Ky

dH
dy

)
+ Q =

dθ
dt

(2)

where “H” is total head, “Kx” and “Ky” is the hydraulic conductivity in x and y direction,
“Q” is the boundary flux defined, “θ” is the volumetric water content, and “t” is time.

The average values of the Lugeon test for sedimentary/metamorphic rock mass were
evaluated and converted to respective hydraulic conductivity. The anisotropy property K
Ratio (Ky/Kx) was varied in a range of 0.5 to 10 to see respective seepage and pressure
head response in rock mass. The reason for K ratio variation was that the exact method
to determine K ratio was not well established. The analysis was carried out keeping the
rotation effect as zero, in steady state conditions with the function of pore water pressure
inactive. The boundary conditions were modeled to simulate the field conditions of the
study area (Figure 10). These field conditions include reservoir pressure head (water
elevation) state conditions. These boundary conditions were modeled as pressure head in
the form of total elevation head of water. The downstream boundary condition was kept as
potential seepage face. The reason for keeping the downstream potential seepage face is
to allow any flow of fluid, simulating actual field conditions. The instrumentation in the
form of flow measuring adits and piezometers present at the study area was also modeled.
The adits were modeled as circular region. The boundary condition for these regions for
adits were defined as the elevation head, to simulate the fact that pressure will drop to the
respective elevation level and any excess pressure will release in the form of seepage at
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these locations. To measure the seepage quantity, flux sections were marked around these
circular regions for adits. Similarly, the piezometers were modeled by adding points at
the tip elevation of the mesh. These defined nodal points at the piezometer locations were
used to get the results of total and pressure head.
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Table 3. Typical ranges of Core Recovery, RQD, and Lugeon values obtained in rock mass.

Bore Hole No. Core Recovery (%) RQD Values (%) Lugeon Values Primary Rock Type Secondary Rock Type

BH-01 0–100 0–76 25–68 Metamorphic/Sedimentary Schist/Limestone
BH-02 10–100 4–80 13–44 Metamorphic/Sedimentary Schist/Limestone
BH-03 0–100 0–99 1–38 Metamorphic/Sedimentary Schist/Limestone
BH-04 10–100 0–100 0.40–35 Metamorphic/Sedimentary Schist/Limestone
BH-05 0–100 0–100 1–81 Metamorphic/Sedimentary Schist/Limestone
BH-06 0–100 0–92 1–22 Metamorphic/Sedimentary Schist/Limestone
BH-07 0–100 0–99 31–86 Metamorphic/Sedimentary Schist/Limestone
BH-08 0–100 0–98 1–67 Metamorphic/Sedimentary Schist/Limestone
BH-09 0–100 0–63 1–46 Metamorphic/Sedimentary Schist/Limestone
BH-10 0–100 0–89 12–100 Metamorphic/Sedimentary Schist/Limestone
BH-11 30–100 0–61.8 6–63 Metamorphic/Sedimentary Schist/Limestone
BH-12 8–100 0–88 7–14 Metamorphic/Sedimentary Schist/Limestone
BH-13 40–100 0–87 28–28 Igneous Dolerite
BH-14 32–90 0–76 35–35 Igneous Dolerite
BH-15 0–100 0–92 1–25 Igneous Dolerite
BH-16 0–100 0–92 0.68–45 Igneous Dolerite
BH-17 0–100 0–96 0.58–85 Igneous Dolerite

Table 4. Petrographic test results.

Rock Type * Typcial RQD % Petrographic Results

Igneous 0–100 Amphibole 45.5%, Plagioclase 33.5%
Sedimentary 0–98 Predominantly Calcite Mineral
Metamorphic 0–80 Quartz 26.5%, Muscovite/Sericite 24%

* Visual observation.
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Table 5. Summary of geotechnical and geological engineering parameters’ typical range obtained in
rock mass.

Sr. No. Test Parameters Igneous Metamorphic Sedimentary

1 Bulk Density (gm/cm3) 2.83–3.72 2.66–3.24 2.63–2.81
2 Natural Moisture Content (%) 0.08–0.40 0.15–3.34 0.22–0.97
3 Water Absorption (%) 0.06–0.60 0.52–1.19 0.29–1.45
4 Specific Gravity 2.86–3.78 2.69–3.30 2.71–2.85
5 Unconfined Compressive Strength (MPa) 14–274 14–153 43–105
6 Point Load Strength (MPa) 1.84–15.58 0.61–6.03 1.05–5.51
7 Brazilian Tensile Strength (MPa) 8.79–19.91 7.58–11.06 7.29–22.02
8 Hoek Direct Shear Test c (MPa) 0.01–0.53 - 7.29–13.56
9 Friction angle φ (deg) 21.1–42.1 - 14.29–13.56
10 Young’s Modulus (MPa) 17,400–301,000 17,200–82,600 28,100–69,900
11 Poisson’s Ratio 0.02–0.45 0.03–0.50 0.33–0.34
12 Hydraulic Conductivity (cm/sec) 0.4 × 10−4–8.5 × 10−4 0.8 × 10−4 0.2 × 10−4–10 × 10−4
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Figure 10. Results of seepage analysis.

The field database of seepage characteristics determined through adits and piezome-
ters were used to validate the results of the Seep W model. A number of plots were
developed comparing response of rock mass seepage against variation in rock mass hy-
draulic conductivity factors (Figures 11 and 12).
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Figure 11 shows comparison results of field observed pressure head (Hfield) of four
piezometers (P1–P4) and simulated pressure head (Hsim) measured from the Seep W
model. The typical range of Hfield observed was from 373 to 397 and Hsim from 369 to
398, respectively. The pressure head values were plotted for K ratio (Ky/Kx). A reference
line of 45 degree was drawn to see the trend of values. The pressure head shows an
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increasing trend with the increase in K Ratio (Ky/Kx) from 0.5 to 10. Hsim and Hfield show
good agreement.

Figure 12 represents the results of the Seep W flux values at the location of five selected
adits (adit 1–adit 5). The flux values were plotted for K ratio (Ky/Kx). The flux values show
overall an increasing trend in most of the data points with the increase in K Ratio (Ky/Kx).

Seep W has the capability to evaluate the anisotropy coefficient termed K ratio., i.e.,
K ratio = Ky/Kx. Kx is always specified, and Ky is always computed from the specified
K ratio.

Ky = K ratio × Kx

It can be seen in Figure 13, that with increase in K ratio from 0.1 to 10, the seepage
increases, which reflects that with increase in Ky and or Kx values the seepage also increases.
Figure 10 also shows the trend of K ratio with the total simulated seepage quantity of the
rock mass determined from Seep W. It was observed from the instrumentation data (seepage
from adits) that the actual seepage quantity as accumulative value of all the five adits was
5.90 cusec. The same is marked in Figure 13. It was noticed that the K ratio against 5.90 cusec
value was 4.43. The lower and upper range of K ratio was taken as 0.1 to 10 with reference to
the K ratio value of 4.43. The corresponding Ky for a K ratio of 4.43 was 2.6 × 10−5 m/sec.
The variation of seepage quantity with hydraulic conductivity anisotropy parameter K
ratio from 0.1 to 10 reveals that the rock discontinuities aligned with the vertical axis can
contribute to higher seepage quantity and uplift pressure as compared to lying parallel to
the horizontal axis.
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Figure 13. K ratio trend for seepage estimation.

A plot of all data points of hydraulic conductivity against respective RQD was pre-
pared (Figure 14). The non-representative data points of wash out and failed Lugeon tests
were omitted in the plots between RQD and hydraulic conductivity presented below. It
was observed that at the junction of rock mass, the RQD values in the boreholes were
relatively non-representative with depth. Further, during any abrupt variation in rock type,
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the non-representative RQD values were observed. The hydraulic conductivity obtained
against these non-representative values while potting was not giving the clear trend. A
regression analysis was carried out between representative data points and a relationship
was developed (Figure 14a) using best fitted logarithmic analysis, which is shown below.

Ka = 0.00129 − 2.90347 × 10−4 ln (RQD − 1.13595)(R2 = 0.85) (3)

where Ka is apparent hydraulic conductivity in cm/sec and RQD is in percentage.
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Figure 14. Correlations between hydraulic conductivity and RQD; (a) rock mass, (b) igneous rock,
(c) metamorphic rock, (d) sedimentary rock.

Three different plots were also prepared, which were extracted from the data of
Figure 14. The values of hydraulic conductivity against RQD were analyzed using logarith-
mic regression model (three parameter logarithmic function) for igneous and sedimentary
rock mass while exponential regression model (two parameter exponential function) for
metamorphic rock mass. The best fit result is presented in Figure 14b for igneous, in
Figure 14c for metamorphic, and in Figure 14d for sedimentary rock mass. The correlation
was developed and provided below:
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For igneous rocks:

Ka = 0.00108 − 2.34566 × 10−4 ln (RQD + 6.94256)(R2 = 0.60) (4)

For metamorphic rock:

Ka = 0.00121(−0.05131RQD)(R2 = 0.60) (5)

For sedimentary rock:

Ka = 0.00141 − 3.06059 × 10−4 ln (RQD − 1.13595)(R2 = 0.89) (6)

While analyzing Figure 14, a strong correlation was observed between K and RQD for
rock mass composite formation and sedimentary rock deposits. Reasonable correlation does
exist between RQD and K for igneous and metamorphic rock deposits. These correlations
can be used for evaluation of rock mass hydraulic conductivity using RQD data particularly
during planning process of infrastructure development. These correlations proposed in
this research can be used in relatively continuous rock mass formations. However, the
applicability of these correlations in fractured rock mass needs to be further investigated.
Sustainable infrastructure development requires realistic K determination, which is very of-
ten a costly and time-consuming undertaking. The determination of seepage characteristics
of rock mass during preliminary design sometimes is also not affordable. These correlations
help the engineers working in design to assess the rock mass seepage characteristics with
confidence in similar rock mass formations.

4. Conclusions

A detailed literature/reconnaissance survey was carried out in the Hazara formation
to finalize rock mass formation. The geological and geotechnical engineering data were
analyzed for the evaluation of the RQD and hydraulic conductivity of rock mass. The
seepage response of the rock mass was determined from the geo-mechanical engineering
data of the developed infrastructures. The seepage and pressure head data from the adits
and installed piezometers were analyzed using the Finite Element Model (FEM) and results
were compared with actual seepage observed in the rock mass from instrumentation. The
following conclusions can be drawn from the above findings:

• A strong correlation exists between RQD and hydraulic conductivity of the composite
rock mass formation.

Ka = 0.00129 − 2.90347 × 10−4 ln (RQD − 1.13595) (R2 = 0.85)

• Reasonable correlations do exist between RQD and hydraulic conductivity of the
individual rock types.

Ka = 0.00108 − 2.34566 × 10−4 ln (RQD + 6.94256) (R2 = 0.60)(Igneous rocks)

Ka = 0.00121(−0.05131RQD) (R2 = 0.60) (Metamorphic rock)

Ka = 0.00141 − 3.06059 × 10−4 ln (RQD − 1.13595) (R2 = 0.89)(Sedimentary rock)

• The variation of seepage quantity with hydraulic conductivity anisotropy parameter K
ratio reveals that the rock discontinuities contributing to a higher K ratio can contribute
to higher seepage quantity and uplift pressure as compared to discontinuities resulting
in a lower K ratio.
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The instrumentation in the large infrastructures in such rock mass deposits is recom-
mended from a sustainability perspective. These correlations help the engineers working
in design to assess the rock mass seepage characteristics with confidence in similar rock
mass formations.
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