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This study was carried out to determine a theoretical relationship between geo-electrical data and 
hydraulic parameters by modifying the theories previously developed in laboratories and up-scaling the 
processes of pore network structures into field scale parameters. A linear relationship between 
transmissivity and formation factor has been developed and consequently tested on data from a 
typically hard rock terrain found in the Jangaon sub-watershed, Andhra pradesh, India.  
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INTRODUCTION 
 
Aquifers are best characterized by their hydraulic 
conductivity (K), transmissivity (T), porosity (�) and 
storativity (S), that influences groundwater flow and 
pollutant migration (Freeze and Cherry, 2002). Applying 
hydrogeological methods of assessment is the standard 
approach for evaluating these aquifer properties. 
Averaged values of transmissivity have been estimated 
from pumping tests, but the interpretation of pumping test 
data assumes flow through an approximately porous 
medium, with simple flow geometry, which does not 
reflect the complex nature of hard rocks. Estimating K, T, 
� and S values from pumping tests and downhole well-
log data can also be very expensive and time-consuming. 
Therefore, better parameter characterization methods for 
hard rock aquifers are fundamental to any attempt at 
studying aquifers. Geophysical methods may contribute 
substantially towards aquifer characterization. 

The potential benefits of including geophysical data in 
hydrogeological site characterization have been stated in 
numerous studies (Chen et al., 2001). These methods 
provide spatially distributed physical properties in regions 
that are difficult to sample using the normal 
hydrogeological methods (Butler, 2005).  
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They are also less invasive and are comparatively 
cheaper than the conventional hydrogeological methods. 
Several published case studies demonstrate the benefits 
of including geophysics for different applications as 
highlighted by various researchers (Hyndman and 
Tronicke, 2005; Goldman et al., 2005; Daniels et al., 
2005). The techniques applied more in groundwater 
resource studies for near surface (that is, depths less 
than 250 m) investigations have been electrical and 
electromagnetic methods (Greenhouse and Slaine, 1983; 
Aristodemou and Thomas-Betts, 2000). Compared to 
electromagnetic methods, the direct current resistivity 
method has proved more popular with groundwater 
studies, due to the simplicity of the technique and the 
ruggedness of the instrumentation.  

Direct current resistivity applications are applied in one-
dimensional (1-D) and two-dimensional (2-D) surveys. 
Studies done using 2-D resistivity imaging surveys in 
hydrogeological studies have been reported by Sudo et 
al. (2004) and Mondal et al. (2008). However, the cost of 
a 2-D survey could be several times the cost of a 1-D 
sounding survey (Loke, 2000). So, for this reason, a 
‘Schlumberger’1-D resistivity sounding has been 
preferred in this study. To integrate hydrological and 
geophysical data, formulas that describe the relations 
between these properties are commonly used, and can 
be calibrated as site-specific conversions  (Alumbaugh  et  



 
 
 
 
al., 2002) or based on theoretical or general empirical 
models (Slater et al., 2002; Singha and Georelick, 2005; 
Singh, 2005). Converting geophysical data to hydrologic 
data, using these formulas presents some difficulties in 
that the theories used to generate the relations are not 
able to fully capture conditions at the field scale. Due to 
the inherent heterogeneity in the subsurface, the data are 
representative of only a small area near where they were 
collected, and reflects the particular support volume of 
the measurements at the particular location. Further 
away from the sampling location, both the resolution of 
the geophysical survey and the type of material may 
change, making the calibrated relation divergent (Moysey 
and Knight, 2004). This has led researchers to try various 
techniques for incorporating geophysical property 
estimates into hydrogeology. While McKenna and Poeter 
(1995) and Dietrich et al. (1998) correlated site-specific 
geophysical data with collocated point hydrogeological 
data, Yeh et al. (2002) and Ramirez et al. (2005) 
considered stochastic methods, such as co-simulation 
and co-kriging frameworks. 

Regardless of the fact that, the geophysical data 
utilised for the case studies mentioned are basically the 
same, it has been recognised that there exists no 
universally accepted petrophysical models for converting 
geophysical data to hydro-geological attributes, partly 
due to, the scale and resolution disparity between 
hydrological and geophysical measurements (Ezzedine 
et al., 1999). In this study, establishing and verifying a 
field scale theoretical relationship between geo-electrical 
resistivity data and hydrogeological data has been carried 
out, in order to improve the characterization of aquifer 
parameters. The pore-scale geometrical relationships 
stipulated by Bernabe and Revil (1995) have been up-
scaled to arrive at the field-scale relationship between 
transmissivity (T) and formation factor (Fa). The up-
scaled model has been tested on data sets obtained from 
the Jangaon sub-watershed, Hyderabad, Andhra 
Pradesh, India.  
 
 
DESCRIPTION OF THE STUDY AREA  
 
The Jangaon sub-watershed, which falls under the 
greater Waipalli watershed, has an area of 28 km2 and is, 
situated about 80 km to the west of Hyderabad, Andhra 
Pradesh, India. It lies between longitudes 78.84°E and 
79.92°E and latitudes 17.10°N and 17.14°N (Figure 1). 
Semi-arid climatic conditions prevail in the area, with 
minimum and maximum temperature of 22°C and 44°C, 
respectively. Drought conditions prevail for more than 
four months in any given year with April and May being 
the driest months.  
 
 
Geology  
 
Geology of the study area (Figure 2) consists  of  granites 
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of Achaean group of rocks represented by older group of 
rocks and peninsular gneissic complex. The older rocks 
include hornblende schist, pink and porphyritic granite 
gneisses, pink granites and injection of quartz, 
pegmatites and epidote veins represent biotitic schist and 
amphibolites while peninsular gneissic complex. Dolerites 
mark the last phase of igneous activity in the area and 
they cut across all the above rocks. 
 
 
BERNABE AND REVIL MODEL  
 
Bernabe and Revil (1995) obtained the formula for 
network electrical conductivity and hydraulic permeability, 
respectively as: 
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Where c is the bulk conductivity, cf conductivity of fluid 
within material and cs is conductivity contribution of the 
material’s surface. 
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Where, k is permeability, Vp (n) is pore volume, Ap (n) is 
pore surface area, �� (n) is potential gradient across 
pores, �� (n) is head gradient across pores, n is the 
number of pores through which both electrical and 
hydraulic flow occurs, and the summation is done over 
these pores.  
 
 
Modification of Bernabe and Revil model 
 
Since the resistivity of any medium is the reciprocal of its 
conductivity, the expression of the electrical component 
of the Bernabe and Revil model can be written in terms of 
the bulk resistivity as: 
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Figure 1. Location of Jangaon Watershed in Nalgonda district, Andhra Pradesh, India. 

 
 
 

 
 
Figure 2. Geological map of the Jangaon sub-watershed. 
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where, � is the bulk resistivity and �f is resistivity of water 
within the pores. Surface conduction is ignored since in 
hard rocks, fractures that act as the only conduction 
conduits. Even though tube-like pores contribute 
significantly to electric conduction, their contribution to 
hydraulic conduction is minimal in crystalline hard rocks. 
Equation 2 is therefore re-written as: 
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The values wnelect and wnhydr determines the 

weighted contribution of the pores in the electrical 
resistivity and hydraulic conductivity of the network and 
how well the pores are connected to the network. Then 
Equations 3 and 4 may, respectively, be re-written as: 
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Index ‘n’ refers only to pores where electrical and 
hydraulic conduction occurs. Equations 5 and 6 have one 
variable in common, namely, specific pore volume (Pn). 
This shows that the dependence of large-scale hydraulic 
and electrical properties on pore volume is as a con-
sequence of the dependence of the network properties 
on the small-scale pore geometries. Wong et al. (1984) 
showed that networks possessing commonly observed 
skewed    pore    size    distributions    imply    power   law  
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relationships between small-scale electrical and hydraulic 
parameters and large scale pore volume and pore 
surface area. Because the Bernabe and Revil model can 
accommodate any pore size distribution including the 
bond shrinkage model of Wong et al. (1984), then the 
results of Wong et al. (1984), may be integrated into the 
hydraulic network and electrical equations of Bernabe 
and Revil (1995). 

Whence k is directly proportional to 
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Where x (0<x<1), is the factor by which the radius of the 
tube elements of Wong et al. (1984) model, are reduced. 
 
In modifying pore structure model of Bernabe and Revil 
to field scale model in the current study, transmissivity 
and apparent formation resisitivity factor (Fa) have been 
preferred, since they are both influenced by pore 
structure of a medium. Transmissivity is also related to 
hydraulic conductivity, which, in turn is a constant of 
proportionality that relates water flux (specific discharge, 
q) and the hydraulic head gradient (h) in Darcy’s law. It is 
directly proportional to the intrinsic permeability (k), 
reflecting the geometry of the pore system and the 
properties of the flowing fluid as:  
 

hKqJ hydr ∇−==                                                    (9) 
 

��
�

�
��
�

�=
µ
δg

kK
                                                              (10) 

  
Where � is the fluid density, � is its dynamic viscosity and 
g is the acceleration due to gravity. 
 
The transmissivity (T), of an individual fracture of 
aperture (ac) can be expressed in terms of the hydraulic 
conductivity (K) as: 
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Therefore, the water flux may be written as: 
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The electrical flow in a medium on the other hand is 
similarly expressed in terms of current flux and potential 
gradient as: 
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The electrical property, the apparent formation resistivity 
factor (Fa) is expressed as: 
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Electric flux is therefore expressed in terms of apparent 
formation resistivity factor as: 
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For this reason, apparent formation factor and 
transmissivity will determine the aquifer’s electrical and 
hydraulic properties, respectively. The use of apparent 
formation factor eliminates the effect of changes in water 
resistivity but utilizes the information on these changes. 
Since the matrix is non-conductive, the transmissivity of 
any interval of aquifer is calculated by summing the 
transmissivity of the fractures within that interval. Where 
an interval contains a single fracture, then transmissivity 
is simply equal to the transmissivity of that fracture. From 
the power laws of Wong et al. (1984), proportionality 
relations between bulk resistivity and intrinsic 
permeability with the porosity fraction, on introducing 
proportionality constants, A and B, respectively, can be 
expressed as: 
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To make k the subject, Equation 17 is divided by 
Equation 16 to obtain. 
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Writing K in terms of k from Equation 10, the hydraulic 
conductivity is expressed as: 
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From Equation 11, transmissivity may be written as: 
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Where 
φφ m

aF
1−=  is Archie’s law (Archie, 1942) 

 

But, � = faF ρ
.  

 
Substituting these values into Equation 20, we obtain 
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Taking the natural logarithms of both sides of Equation 
21, we get 
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Equation 22 is therefore, the modified Bernabe and Revil 
relationships, which in this case relates the field 
parameters, transmissivity and apparent formation factor. 
The equation is a general form of a linear graph of the 
form  
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The terms  a   and   b   are   the   correlation   coefficients  
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Figure 3. Map showing drainage and VES stations. 

 
 
 
between transmissivity and formation factor. 
 
 
Geo-electrical resistivity data 
 
The geo-electrical data was obtained using the 
Schlumberger electrode configuration. The method is 
based on measuring the potentials between a pair of 
electrodes, while transmitting direct current (DC) between 
another electrode pair. The depth of penetration is 
proportional to the separation between the current 
electrodes. By varying the electrical electrode separation, 
information about stratification of the ground is provided. 
The soundings were carried with maximum current 
electrode spacing ranging from 200 to 280 m. The 
electrical resistivity (�) of the medium is determined from  
the measurement of potential difference (�V) and 
injected current (I) as: 
 

I
VG∆=ρ

                                                             (24) 
 
G is the geometric coefficient or array constant. The VES 
curves were obtained by plotting the apparent resistivity 
against electrode spacing, a computer program Genres 
(Verma and Pantulu, 1990), was used to reduce the geo-
electrical sounding curves into values of thickness and 
resistivity of individual layers.  A  total  of  seventeen  (17) 

VES stations, whose locations are shown in Figure 3, 
were sampled. The accuracy in estimating the thickness 
and electrical resistivity of the aquifer were maintained 
while interpreting the VES data at rms error<7%. A typical 
resistivity curve is shown in Figure 4. Depth and 
resistivity for each layer at VES stations are summarized 
in Table 1. 
 
 
Groundwater resistivities 
 
Groundwater resistivities in the area were determined 
from measurements of specific conductance of 
groundwater at wells and boreholes distributed in the 
area (Figure 5). A conductivity-meter was dipped into the 
water sample instrument and a reading of specific 
conductance in units of �Mho/cm recorded for calculation 
of the resistivity values of the saturating water. The 
resistivity value of the saturating water was obtained by 
taking the reciprocal of groundwater specific 
conductance. To estimate groundwater resistivities at 
specific VES stations, krigging was performed and 
presented (Figure 6). 
 
 
Pumping test data collection and interpretation 
 
In carrying out a pumping test, groundwater was pumped 
from test borehole and the response  of  the  aquifer  was  
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Figure 4. Typical geo-electrical curves for the study area. 

 
 
 

 
 
Figure 5. Specific conductance values (µmhos cm-1) at various points within Jangaon. 

 
 
 
measured in the same or nearby observation boreholes. 
A model was then used to estimate transmissivity values 
from the aquifer response. Three single well test and two 
tests using observation wells were conducted. The 
heterogeneity of the hard rock system has been modelled 
as an equivalent porous medium. Thus, the  primary  and 

secondary porosity and the transmissivity distribution are 
replaced with a continuous porous medium having 
equivalent hydraulic properties. The Jacob’s method has 
been used in conjunction with the Neumann et al. (1984) 
method for interpretation of the pumping tests. Pumping 
tests were done on the boreholes in locations  W-1,  W-2,  
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Figure 6. Distribution of kriged specific conductance (�mhos cm-1). 

 
 
 

 
 
Figure 7. Location of pumping test boreholes, Jangaon sub-watershed 

 
 
 
W-3, W-4, and W-5 (Figure 7). Aquifer bulk resistivities at 
pumping sites have been obtained from krigged 
estimates of aquifer resistivity data from VES stations 
(Figure 8). Aquifer layers have been taken as those 
overlying the basement layer. The tests consisted of two 
phases: the productive phase which lasted 1 h followed 
by a   recovery  phase,  which  was  maintained  until  the 

water level in the borehole recovered or until three 
readings in succession were identical. During the aquifer 
test, records of water levels before and after pumping, 
well discharge rate and the duration of the pumping test 
were made. The measurement of water levels was 
carried out in the pumped wells using an electric sounder, 
which is triggered when the tape is in  contact  with  water  
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Figure 8. The distribution of the resistivity of the saturated aquifer. (Note; VES stations are marked M-1, M-2, M-3………….e.t.c, 
Pump test boreholes are marked W-1, W-2, W-3, W-4 and W-5). 

 
 
 
surface. After pumping is stopped, water levels were 
allowed to rise. For 100% recovery, static water levels 
before pumping and the water levels at the end of the 
pumping test will be equal.  

The hydrogeological characteristics of the aquifer in the 
Jangaon are that groundwater is primarily associated with 
fractures zones. A common feature in these types of 
aquifers is that locally, the aquifer acts as a confined 
reservoir whereas regionally, it is unconfined, since 
fractures are commonly in contact with suspended 
groundwater near the surface or with standing surface 
water in depressions. For this reason, the analysis has 
been undertaken using the Cooper and Jacob (1946) 
straight-line method, where drawdown is plotted with an 
arithmetic scale on the y-axis against logarithmic time 
scale on the x-axis. Transmissivity is then estimated from 
the pumping rate, and change in drawdown per log-cycle. 
The procedure is included in the Groundwater for 
windows (GWW) software (Braticevic and Karanjac, 
2000) used in our interpretation. Transmissivity results 
obtained from pumping test have been appropriately 
adjusted using the Neumann et al. (1984) method, to take 
into consideration the anisotropic nature of hard rock 
environments. Typical pumping curves are shown in 
Figure 9. 
 
 
DATA ANALYSIS, RESULTS AND DISCUSSION 
 
The   modified   Bernabe   and   Revil   theoretical   model  

(Equation 22) was calibrated using field observations in 
the Jangaon sub-watershed. Parameters used in the 
calibration of the Bernabe and Revil model are shown in 
Table 1, while Figure 11 is a plot of logarithm of formation 
factor from electrical soundings versus logarithm of 
transmissivity from pumping tests. The resultant curve 
shows a negative slope in agreement with theoretical 
calculations given by Equation 22. The observed 
relationship is expressed by Equation 29, with correlation 
coefficient of 90%, showing that apparent resistivity factor 
is correlated well with transmissivity. From Figure 10, the 
relationship between transmissivity and apparent 
formation factor is given by: 
  
ln (T (m2/day)) =-2.5ln Fa +9.9                                   (25) 
 
Equation 25 is the calibration model of the Jangaon sub-
watershed. So as to have dimensional coherence, the 
gradient and intercept of the curve are in units of m2/day, 
while apparent formation factor has no units, it being a 
quotient of resistivity values. By incorporating the 
modified Bernabe and Revil model into the calibration 
model of the Jangaon sub-watershed, the gradient is 
expressed in terms of bond shrinkage factor, x, as: 
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Figure 9. Pumping test curve for borehole W-1 after adjustment for anisotropy.  

 
 
 
Equation 26 can be re-written as 
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Equation 27 reduces further to  
 

xx ln22 =−                                                           (28) 

Equation 28 can be broken into two equations given by  
 

22 −= xy  and xy ln=                                       (29) 
 
When Equations 28 and 29 are plotted on the same 
graph for values of 0<x<1, the point of intersection of the 
two functions shown in Figure 11, is the solution required.  
Figure 11 shows that, the two curves intersect at a point 
where the value of 10x is 2, for values of 0<x<1. This 
gives the value of x as  0.2,   therefore   the   cementation  
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Table 1. Electrical and hydraulic parameters at the pumping test boreholes. 
 

Borehole T (m2/day) � (Ohm-m) EC (�Mho/cm) �f (Ohm-m) Fa 
W-1 44.2 112.2 992 10.08 11.13 
W-2 24.7 156.5 895 11.17 14.01 
W-3 45.7 133.1 853 11.72 11.36 
W-4 37.6 112.2 1033 9.68 11.59 
W-5 35.1 150.2 835 11.97 12.55 

 
 
 

 
 
Figure 10. Transmissivity formation factor relationships. 

 
 
 

 
 
Figure 11. Successive approximations of the functions 2x-1 and lnx 
for values 0<x<1 
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). The negative 
correlation is consistent with the interpretation of 
electrical flow through pore volumes rather than through 
surface  clay  conduction.  The  trend  and  nature  of  the 

apparent formation factor-transmissivity relationship for 
the aquifer in the Jangaon sub-watershed has therefore 
been established. With the development of generalized 
relationship (Equation 25), it is now possible to 
characterize transmissivity using geo-electric models 
within the Jangaon sub-watershed.  

Hydraulic conductivity values were obtained from 
transmissivity values, using Equation 11, where the pore 
scale fracture aperture (ac) is replaced by a field scale 
aquifer thickness (be). Hydraulic conductivity values at 
each VES station are shown in Table 2. It should be 
noted that only VES stations with aquifer resistivities of 
more than 50 Ohms have been considered, according to 
the aquifer ranges of Gangadhara (1992). The distri-
bution of the same data using ordinary kriging is shown in 
Figure 8. 
 
 
CONCLUSION 
 
From the theoretical work of Bernabe and Revil, (1995) 
and the bond shrinkage model of Wong et al. (1984),  the 
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Table 2. Summary of parameters at VES stations. 
 

Station ρ (Ohm-m) eb
(m) EC (�Mho/cm) ECf

10000=ρ
 

(Ohm-m)  
T (m2/day) K (m/day) 

M-1 178.23 13.46 1125 8.89 20.05 11.07 0.822 
M-2 163.09 26.03 999 10.01 16.29 18.61 0.715 
M-3 82.94 15.55 1265 7.91 10.49 55.92 3.596 
M-4 209.15 9.99 1049 9.53 21.95 8.83 0.884 
M-5 187.86 10.64 846 11.82 15.89 19.80 1.861 
M-7 91.41 19.47 690 14.50 6.30 200.06 10.275 
M-8 212.25 9.37 694 14.45 14.69 24.10 2.572 
M-9 82.71 22.82 823 12.15 6.81 164.68 7.216 

M-11 170.10 8.8 1034 9.67 17.59 15.36 1.745 
M-12 196.08 6.15 828 12.08 16.23 18.78 3.034 
M-13 240.47 4.04 1083 9.23 26.05 5.75 1.423 
M-16 163.6 24.84 591 16.92 9.67 68.54 2.759 
M-17 95.83 10.8 900 11.10 8.63 86.76 8.033 

 
 
 
pore-scale network equations have been modified to 
develop a field scale theoretical relationship between, 
transmissivity (T) and apparent formation resistivity factor 
(Fa). A negative linear relationship between natural 
logarithm of transmissivity and apparent formation factor 

(that is,
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�= −

) has been 
noticed. The intercept in the equation is solely dependent 
on the specific surface area, for a given fracture aperture. 
The gradient on the other hand is dependent on the bond 
shrinkage factor (<0x<1) of Wong et al. (1984) which 
determines size of pore volumes. 

The negative linear relationship means that as trans-
missivity increases, apparent formation factor decreases. 
This is consistent with a mode of flow influenced by flow 
through pore volume. Applying the modified Bernabe and 
Revil relationship, on data acquired at the Jangaon sub-
watershed has also produced a negative linear 
relationship (that is, ln (T (m2/day)) = -2.5ln Fa +9.9) 
replicating the relationship predicted by theory. A value of 
3.4 has, therefore, been determined as the cementation 
factor for the geological material of the aquifer of the 
area. One cannot, however, expect that the apparent 
formation factor and transmissivity dependence found for 
the Jangaon sub-watershed to be invariably applicable to 
any hard rock environment. However, a cost effective and 
non-invasive quantification of transmissivity from geo-
electrical methods is obtained. 
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