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ABSTRACT 

Tselentis, G.-A., 1986. On-site assessment of rock discontinuities from resistivity logs. 
T-L log: A new logging technique. J. Hydrol. ,  83: 269--283. 

The direct on-site assessment of  the vertical distribution of discontinuities to rock 
masses is very important  since it can give a first est imation of  the hydraulic properties 
of the strata and has many practical applications, such as groundwater resources investi- 
gations, radioactive and toxic waste disposal, dam foundation site investigations, etc. 

In the present work, the effect that  fractures have upon some geophysical parameters 
which can easily be determined from the analysis of  conventional normal resistivity logs 
is examined and a new technique for the on-site processing of resistivity logging data is 
introduced. 

Using a microcomputer  in series with the logging unit, a zonation process was applied 
to the logs, which were interpreted in terms of a series of  beds, each having a specific 
thickness and resistivity, and a new parameter  defined by the difference between trans- 
verse and longitudinal resistivities was computed (T-L log). 

In almost all the cases that  the method was applied, the obtained results were satis- 
factory and the microcomputer-based software and hardware package that  was developed 
for the automatic  processing of  the data proved to be very efficient. 

INTRODUCTION 

T h e  i m p o r t a n c e  o f  b e i n g  a b l e  t o  assess  d i r e c t l y  in t h e  f i e l d  t h e  d i s c o n -  
t i n u i t i e s  o f  f r a c t u r e d  f o r m a t i o n s  f r o m  g e o p h y s i c a l  m e a s u r e m e n t s  i n s ide  
b o r e h o l e s  is v e r y  g rea t .  T h i s  c a n  b e  an  a i d  t o  t h e  s o l u t i o n  o f  m a n y  p r o b l e m s  
s u c h  as  g r o u n d w a t e r  r e s o u r c e s ,  r a d i o a c t i v e  a n d  t o x i c  w a s t e  d i s p o s a l ,  " h o t -  
d r y - r o c k "  g e o t h e r m a l  r e s o u r c e s ,  e tc .  

O v e r  t h e  p a s t ,  t h e r e  h a s  b e e n  a g r o w i n g  i n t e r e s t  c o n c e r n i n g  t h e  d i r e c t  
o r  i n d i r e c t  l o c a t i o n  o f  r o c k  d i s c o n t i n u i t i e s  f r o m  p a r a m e t e r s  m e a s u r e d  f r o m  
g e o p h y s i c a l  logs .  T h e  a c o u s t i c ,  c a l i p e r  a n d  d i f f e r e n t i a l  r e s i s t a n c e  logs  have  
b e e n  u s e d  r o u t i n e l y  f o r  t h e  l o c a t i o n  o f  c h a n g e s  in b o r e h o l e  d i a m e t e r .  Neve r -  
t h e l e s s ,  m a n y  t i m e s  t h e  r o u g h n e s s  o f  a b o r e h o l e  c a n  b e  d u e  t o  c h a n g e s  o t h e r  
t h a n  f r a c t u r e s .  
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157 72, Athens, Greece. 
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In order to resolve the above ambiguity, a complete suite of  geophysical 
measurements is many times necessary. Since fractures and microfractures 
in rocks usually constitute the main transport paths for both groundwater 
and electric currents they will govern the resistivity of the rock. Thus, a 
usual approach to locate fracture zones is to t ry to establish a relation 
between the resistivity of  the formation as it is given by a logging device, 
and a quantitative measure of  the fracturing of the formation. 

It would be very useful if one could assess the location of  fractures within 
a borehole from a single set of  simple geophysical logs. The purpose of the 
present paper is to examine to what  extent  the discontinuities of  a fractured 
formation can be assessed from parameters inferred from normal resistivity 
logs. 

AN I N V E S T I G A T I O N  OF  THE E F F E C T  T H A T  F R A C T U R E S  HAVE UPON SOME 
( G E O E L E C T R I C )  P A R A M E T E R S  

It is well known that  in surface-based resistivity soundings, the measured 
resistivities are controlled by the average response of very large volumes of 
rock, with dimensions comparable to the depth to which measurements 
are being made. 

On the other hand, resistivity measurements made in well logging are 
highly detailed over distances of  a few cm to a few m vertically through a 
well. In the present section we will examine how sensitive these resistivity 
measurements are for defining fracture zones. 

Consider a hypothetical  section in a fractured formation consisting of  
fractures of  thickness hi with resistivity P l within a medium of  resistivity 
P2 (Fig. 1). By definition the transverse resistivity of a section H of  the 
formation is: 

Ptr ---- ~ hi'pi/H (1) 
i 

which can be writ ten as: 

Similarly, the longitudinal conductivity is: 

01 "~- ~.~ ( h i / P i ) / H  
i 

which can be written as: 

(3) 

H + I/p2 (4) 
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Fig. 1. Paral le l - layer  m o d e l  o f  a f r ac tu red  f o r m a t i o n .  

These equations were used to  calculate the dependence of  the formation 's  
geoelectric parameters upon the percentage of  fractures per unit cross-section: 

Consider a hypothet ica l  section with p 1 = 25 and P2 = 150 Ohm m. 
The fraction of  fracture beds in this hypothet ica l  section was varied by 

increasing the amount  of  low-resistivity beds. 
Judging from Fig. 2, we see that  the value of  longitudinal and transverse 
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Fig. 2. L o n g i t u d i n a l  and  t ransverse  res is t ivi ty  and  a n i s o t r o p y  index  versus  f rac tu re  a m o u n t .  
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resistivity varies from 25 Ohm m for the case where the entire section is 
composed of  water to 150 Ohm m in the case where there are no fractures 
at all. 

Referring to the longitudinal resistivity, its value remains close to 25 Ohm 
m until the total fraction of  fractures becomes less than 80%, while on the 
other hand the transverse resistivity increases rapidly. 

Thus, one can say that: (a) the longitudinal resistivity is dominated by the 
low-resistivity beds in the section; and (b) the transverse resistivity is less 
sensitive to the low-resistivity beds in the section and depends upon the 
high-resistivity beds. 

Figure 3 is a graphical representation of  the ratio Ptr/Pl v e r s u s  the ratio 
of  the resistivity of the fracture zones over the formation resistivity for 
different percentages of  fracture zones per unit cross-section. 

The diagram shows that  transverse resistivity remains equal to the longi- 
tudinal resistivity when the resistivity of the fracture zone is 60% or more 
of the resistivity of the formation. As the resistivity of  the fracture zone 
decreases there is an increasing difference between Ptr and Pl- The diagram 
also shows that  by increasing the percentage of  fracture zones there is an 
increasing difference between Ptr and p]. 
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Fig. 3. Transverse  res is t ivi ty  over  l ong i tud ina l  res is t ivi ty  versus f rac tu re  res is t ivi ty  over  
f o r m a t i o n  resist ivi ty.  
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By looking at the diagrams of  Figs. 2 and 3 one can see that  fractures 
have a different effect  upon  the longitudinal and transverse resistivities. It 
is then logical to think that  calculating the difference between these two 
resistivities and plotting this difference versus depth would be indicative 
of  the degree of  fracturing of  the formation. 

In the following pages, a theoretical double porosi ty model  based on a 
tortuosity-free,  parallel conduct ion path assumption is introduced, to 
assess the dependence of the resistivity measured by a logging tool  upon 
various combinations of  formation and fracture resistivities. 

Double porosi ty models have been proved very useful in the study of  
naturally fractured reservoirs (Pirson, 1979; Aguilera, 1979; Sherman, 1983} 
and fractured aquifers (Tselentis, 1985}. 

Assuming a non-conductive formation matrix, one can say that the 
electric current of  a logging tool passing through the formation will follow 
two paths, one of  which is through the fractures and the other through the 
saturated pore space of  the matrix. Thus, it is like having two different 
porosi ty systems connected in parallel (Fig. 4). 

An important parameter in the study of  fissured formations is the appor- 
tioning of  the total  porosity between matrix porosi ty and fracture porosity.  
A quantitative measure of  this could be the fracture index of  the formation 
defined as the fraction of  the total pore volume contained in the fractures. 

Let R 0 be the resistivity of the matrix; R ~ be the resistivity of  the fractures; 
Req be the equivalent resistivity (measured by a tool}; (P be the total  poro- 
sity; and f be the fracture index. The following relation: 

Req = Rf'Ro/[fCPRo + R~" (1--f4P)]  (6) 

which is the link be tween the two pore systems, can be derived (Tselentis, 
1985),  and it is used to study some possible two-porosi ty systems considered 
to represent fractured formations. 

Figure 5 shows the dependence of  the measured equivalent resistivity 

. Ro 

Fig. 4. Two-po ros i t y  mode l  o f  a f rac tured  aquifer.  Frac ture  index ---- f rac ture  poros i ty /  
to ta l  poros i ty .  
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upon the resistivity of  the fractures for various degrees of  fracturing and for 
various total  porosities. 

For low fracture resistivity values, the measured equivalent resistivity 
depends strongly upon the degree of  fracturing of  the formation and the 
resistivity of  the fractures. 

As the resistivity of  the fractures approaches the matrix resistivity (50 
Ohm m in our case), the equivalent resistivity reaches a constant  value 
(the earlier it approaches that  value, the less the total  porosi ty is). This is 
more clearly shown in Fig. 6 where Req is plot ted against R~ for various 
values of  total  porosi ty and for a fracture index of  0.3. 

In Fig. 7 we show the dependence of  Req upon the variation of  matrix 
resistivity for different fracture indexes and total  porosities (assuming a 
constant  fracture resistivity of  25 Ohm m). 

Judging from this diagram we can see that  for high matrix resistivity 
values the effect  that  fractures have upon the equivalent resistivity depends 
upon the fracture index. The lower the fracture index is, the stronger the 
dependence between Req and matrix resistivity becomes. This dependence 
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becomes also stronger for lower total porosities as one can deduce from the 
slope of  the curves. 

During the above calculations we assumed a non-conductive solid matrix 
for the formation. Of course, when the saturating formation liquid is fresh- 
water, the electrolyte salinity is not sufficiently high to suppress the effects 
of  surface conduction. 

DEFINITION OF A NEW LOG 

We showed above that  fractured zones have different effects upon the 
longitudinal and transverse resistivities. As a result of this it is logical to 
think that  calculating the difference between these two resistivities and 
plotting this difference against depth would be indicative of  the degree of  
fracturing of  the formation. 

In actual logging practice it is very difficult to determine the difference 
between the two resistivities {Pt~ and Pl). Maillet and Doll {1932) found that  
the resistivity measured with a system of  electrodes aligned perpendicular 
to the bedding planes is not affected by micro-anisotropy and that  the values 
obtained for the measured resistivity are close to the values of  the longi- 
tudinal resistivity (paradox of  anisotropy). 

One can conclude that  it is rather impossible to determine actual values 
of the formation's  transverse resistivity at different depths from resistivity 
logs only. In the present w o r k a  different approach for the calculation of  the 
vertical distribution of  the difference Ptr -- Pl is adopted. 

A common technique used during the interpretation of  geophysical 
logs is to employ a zonation process. By this method,  a number of  boundaries 
that  divide the log into intervals are selected so that  the measurement 
being considered is relatively constant compared to the change in the 
measurement from that  interval to the depth-adjacent intervals (Fig. 8). 

Using the above technique, the resistivity logs obtained from a logging 
device, are divided into a number of zones. Thus, a resistivity log would be 
interpreted in terms of a series of beds, each having a specific thickness 
and resistivity. By applying next eqns. (2) and (4) it is straightforward to 
calculate a value for the difference between transverse and longitudinal 
resistivities for any desired section of  the formation. 

The difference between transverse and longitudinal resistivities when 
plotted against depth will be defined as T-L log {transverse--longitudinal). 

In the present work, a microcomputer  connected with the logging unit 
via an analog-to-digital converter {Fig. 9) was used for the on-site processing 
of  the data. 

A program was written (in machine code) for the automatic zonation of  
the resistivity logs and the results were output  on an X - - Y  plotter. When 
necessary, the facility was provided to compensate the measurements for 
changes of the water conductivity, by keeping the results  of  a fluid-con- 
ductivity log in the memory of  the microcomputer.  
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Fig. 9. Instrument arrangement. 
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All the software necessary for the processing of  the resistivity data were 
kept  permanently in an EPROM module as part of  the memory  of  the 
microcomputer  used. 

CASE H I S T O R I E S  

In the following sections we discuss the results obtained from the appli- 
cation of  this logging technique to some actual field cases. The logs were 
processed directly in the field by an ACORN-ATOM 8-bit, 32K micro- 
computer ,  and all the software necessary for data processing were kept  
in an EPROM MODULE. 

Example 1 

Figure 10 represents the variation of  the difference between transverse 
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Fig. 10. Transverse--longitudinal resistivity versus depth for a chalk aquifer. 
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Fig. 11. Transverse--longitudinal resistivity versus depth for a granite. 
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Fig. 12. Caliper,  d i f fe ren t ia l  t e m p e r a t u r e  and  T - -L  log for  a cha lk  aquifer .  

and longitudinal resistivities (calculated every 4 m), against depth for a 
borehole sunk in a fissured chalk aquifer. It is obvious that  the difference 
of the two resistivities tends to decrease with depth and this is shown more 
clearly by the regression line fi t ted through the data. This result is in agree- 
ment with investigations in nearby wells which showed that the degree of  
fissuring of  the aquifer decreases with depth. 

Example 2 

Figure 11 represents the difference between transverse and longitudinal 
resistivities against depth for a borehole sunk in granite. The sonic, caliper 
and differential resistance logs indicate that  the formation is heavily fractured 
in the interval between 45--60 m. The same result was also obtained from 
the T--L log which reached its greatest value in the above interval. 

Example 3 

Figure 12 shows the calculated T--L log of  a borehole driven through a 
chalk aquifer. A detailed analysis of  the calculation of  the T--L log for 



283 

this specific example is shown in Table 1. It is evident that  when dealing 
with small amounts  of  data the T h L  log can be calculated relatively easily 
by hand as well. 

The obtained T--L log suggests that  there is a change in the geoelectric 
properties of the formation at the depths of 50 and 80 m. Since the for- 
mation is homogeneous one would suspect the existence of  fissure zones at 
the above levels. A differential temperature log run in the same borehole 
confirmed the existence of  a fissure zone at the depth of 50 m and a similar 
feature was recorded at the depth of 76 m. The caliper log on the other 
hand confirmed the existence of the fissure zones, suggested by the T--L 
log, as well as a number of some other borehole enlargements which proved 
not  to be fissure zones. 

CONCLUDING REMARKS 

This paper has examined the effect that  the discontinuities of  a fractured 
formation have upon the geophysical parameters measured from normal 
resistivity logs, and a new parameter sensitive to the degree of  fracturing of  
the formation is introduced. 

The method was applied to a number of  actual cases and there was a 
satisfactory correlation between the response of  the new log and the existing 
fracture zones within the formation. 
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