
Abstract 
 

Correlation between porosity and permeability for a cer-
tain rock type is a basic procedure used in core-data inter-
pretation. However, the correlation may not always be satis-
factory due to pore heterogeneity and pore geometry. In a 
reservoir, it is very common for rocks to have similar poros-
ities but different permeabilities. Apparent formation factor 
was defined as true resistivity divided by water resistivity. 
In previous work, curves of the apparent formation factor 
versus water saturation were used to interpolate permeabili-
ties. Unfortunately, the accuracy was very poor at high wa-
ter saturation because the curves were horizontal in that 
region. Even in the regions which are not horizontal, chart 
reading can be very subjective and accuracy is limited. In 
this study, a numerical method was proposed in order to 
solve this problem. Based on combining a correlation be-
tween the formation resistivity factor and permeability pro-
posed by Ogbe and Bassiouni [1], Archie's Equation, and 
the apparent formation factor definition, a new equation was 
derived in order to estimate permeabilities for clean for-
mations from resistivity logs. 
 

An algorithm was developed to carry out the procedures 
of the estimation, an example of which is included here in 
order to illustrate how to use the algorithm. This example 
shows that the permeability estimate from this study was 
more accurate than that from the previous work. In addition, 
this study yielded an objective permeability estimate while, 
the previous work gave only a subjective estimate. A com-
puter program developed from the algorithm can be incor-
porated into a reservoir simulator as an improved way to 
input permeability values. 
 

Introduction 
 

Permeability is one of the most important properties to 
estimate for a reservoir [2]. A good correlation between the 
porosity and permeability of a certain rock type is desirable 
for reservoir characterization or simulation. Unfortunately, 
the correlation may not always be satisfactory due to pore 
heterogeneity and pore geometry [3]. It is very common for 
rocks in a reservoir to have similar porosities but different 
permeabilities. 

 

By analyzing laboratory measurements on 155 sandstone 
samples from three different oil fields in North America, 
Timur [4] found the empirical correlation 
 

k = f4.4/(Swr)
2                              (1) 

 
where k is permeability, f is porosity, and Swr is residual 
water saturation. Morris and Biggs [5] and Coates and Du-
manoir [6] also developed correlations between k, f and Swr. 
However, these methods are only applicable at irreducible 
water saturation. Saner et al. [7] defined the apparent for-
mation resistivity factor as true formation resistivity divided 
by water resistivity. Saner et al. [3] used curves of the ap-
parent formation resistivity factor versus water saturation to 
interpolate permeabilities. However, it was difficult to get 
an accurate permeability reading from the plots, especially 
at high water saturations, because the curves became as-
ymptotic or horizontal. This current study extends the work 
by Saner et al. [3] by developing a numerical method to 
solve the accuracy problem of the plot reading. A new equa-
tion was derived and an algorithm developed in order to 
estimate permeabilities for clean formations from resistivity 
logs. 
 

Approach 
 

In the following sections, the derivation of the equation 
and the development of the algorithm are presented. An 
example is also provided to illustrate the application of the 
algorithm. 
 

Equation and Algorithm Development 
 
By Combining 

(2) 

where F is the formation resistivity factor, is tortuosity, 
and b is an exponent depending on the rock texture, and 
 

(3) 
 

where k is permeability, a correlation between the formation 
resistivity factor, F , and permeability, k, was found such 
that 

(4)                                                                       
where A and B are constants for a specific formation. 
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According to Archie’s Law, 
 

(5)                                                                      
 
where Sw is water saturation, Rt is true resistivity, n is the 
water saturation exponent, and Rw is water resistivity. Let 
Ro refer to formation resistivity when water saturation is 
100%. At water zones Sw = 1, Ro is equal to Rt . From Equa-
tion (5), it can be seen that only when Sw = 1 will F = Rt/
Rw . Apparent formation factor, Fa , was defined by Saner et 
al. [7] as 
 

(6)                                                                         
 
From Equations (4) - (6), one gets 
 

(7)                                                                    
 
Taking a logarithm for both sides of Equation (7), and then 
rearranging, yields 
 

(8) 
                                     

It can be inferred from Equation (8) that log(Fa) is linear 
to log(Sw) for a certain group of core samples, which have 
constant n, A, B and k values. If many core samples are 
obtained, they can be grouped according to the procedures 
similar to those provided by Saner et al. [3], and a series of 
straight lines of log(Fa)  versus log(Sw) can be plotted. The 
difference of intercepts between different lines is due to the 
difference of the permeabilities of the groups represented by 
the lines. The higher the permeability, the lower the log(Fa)-
axis intercept of the line. Based on the above discussion, it 
can be inferred that the curves of log(Fa)  versus log(Sw), 
plotted from different groups of core samples, can be used 
to estimate permeability. Also the more data obtained, the 
more accurate the final estimate.  

 
For a certain part of the formation, true resistivity can be 

obtained from a deep induction log, and water resistivity 
can be obtained from a water catalog, water analysis, SSP 
(static spontaneous potential), or other kinds of cross-plots. 
Then, the apparent formation resistivity factor can be calcu-
lated from Equation (6). Porosity, f , can be obtained from 
the density log, sonic log or neutron log. If parameters such 
as cementation factor a, cementation exponent m and satura-
tion exponent n, are known, then for a clean formation 
(without shale), water saturation can be calculated from 
Archie’s Equation as follows: 

 
 

(9) 
 

McCoy and Grieves [8] present procedures to calculate 
water saturation at Prudhoe Bay. If parameters such as a, m 
and n are unknown for a formation, procedures similar to 
those illustrated by McCoy and Grieves [8] can be applied 
to solve for these parameters. Alfosail and Alkaabi [9] de-
veloped an equation to calculate water saturation in shaly 
formations. If the formation is a shaly formation, it is re-
quired that a suitable equation be developed to calculate the 
water saturation following similar steps [9]. 
 
Suppose point log(Sw), log(Fa) is located between the two 
straight lines defined by the following two equations: 
 

(10)                                     
 
and 

(11) 
 
where k1 and k2 refer to the permeabilities of the individual 
straight lines, and n1 and n2 are the slopes. In Appendix A, a 
new equation is derived to estimate permeabilities for clean 
formations from resistivity logs, that is, 
 

(12) 
 
 
where b1 = log(A)-Blog(k1), b2 = log(A) -Blog(k2). If n1 ¹ n2, 
then b is calculated by 
 

(13) 
 
where x2 = log(Sw), y2 = log(Fa), and 
 

(14) 
 
                                                                   

(15)     
 
If n1 = n2, Equations (14) and (15) are not valid. If n1 = n2 = 
n’, then b is calculated by 
 

b = n’log(Sw) + log(Fa)                          (16) 
 

Based on the above analysis, an algorithm was developed 
to estimate permeability, as shown in Figure 1. In the fol-
lowing two sections, (Synthetic Example and Analysis), an 
example is given to illustrate the permeability estimation 
process for a carbonate formation. 
 

Synthetic Example 
 

Suppose that measurements for six groups of core sam-
ples are available from a carbonate formation and each 
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group has a different average permeability, Kave. Correla-
tions of the apparent formation resistivity factor Fa versus 
water saturation, Sw , are listed in Table 1, where data are 
created by following the example given by Saner et al. [3]. 
There are log measurements for a part of the formation, and 
then water saturation and apparent formation resistivity fac-
tor values that can be calculated from Equations (9) and (6), 
respectively. Suppose further that the water saturation is 

found to be 0.50 and the apparent formation resistivity fac-
tor is 100.00, then estimate the permeability for this part of 
the formation. 
 

Analysis 
 

Following the above procedures, the permeability can 
now be estimated. Curves of apparent formation resistivity 

Figure 1. Algorithm to Estimate Permeabilities for Clean Formations from the Resistivity 
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factor  versus water saturation are plotted in Figure 2, along 
with the regression fit equations. Figure 3 shows the curves 
of log(Fa) versus log(Sw) plotted from the functions obtained 
for the six groups of core samples. From Figure 2, it can be 
determined that point (0.50, 100) is between the curve for 
the average permeability of 1.5md and that the average per-
meability of 10md. That is, in Figure 3, point log(0.5), log
(100) is between the straight lines defined by the following 
two equations: 

(17)                                         
 
and 

(18)  
                                           

From Equations (14) and (15), the coordinates of the in-
tersection for the two straight lines was calculated to be 
(2.3732, -3.5798). The measurement is at point log(0.50), 
log(100.00), that is, point (-0.3010, 2.0000). The intercept 
for the straight line which passes points (2.3732, -3.5798) 
and (-0.3010, 2.0000) can be calculated by Equation (13). 
The intercept (b) is 1.3720. With k1 = 1.5md, k2 =10md, b 
=1.3720, b1 =1.6096 and b2 = 1.162, the permeability for 
this part of the formation, k, was calculated from Equation 
(11) and found to be 4.106md.  

 

Results and Discussions 
 

From the example just presented, the authors feel that the 
numerical method does improve the accuracy of the perme-
ability estimation. From Figure 2, to estimate the permeabil-
ity by reading the plot, 3md can be used as an estimate, al-
beit a very subjective one. Using the numerical method, the 
permeability was estimated to be 4.106md. Figure 4 is a plot 
of the apparent formation factor  versus water saturation 
from the previous work [3]. With a water saturation of 0.5 
and apparent formation factor of 100, from Figure 4, one 
estimate of permeability may give 5md while another may 
give 3md. The results are very subjective and inaccurate. 
The accuracy of the estimate from the work presented here 
is much improved over the previous work and improves 

  
Sw Fa 

Group 1 
Kave=0.01 
md 

Group 2 
kave=0.15 
md 

Group 3 
kave=1.5 
md 

Group 4 
Kave=10 
md 

Group 5 
Kave=85 
md 

Group 6 
Kave=750 
md 

0.07         1681.77 1317.99 
0.08         1326.37 1042.14 
0.09         1075.99 847.17 
0.10         892.54 703.88 
0.11 82037.79 31771.31 4962.92 1770.31 897.84 795.26 
0.12 63578.29 20724.38 3748.99 766.72 410.26 360.80 
0.13 50094.78 18290.74 5174.57 908.39 335.01 573.73 
0.14 41443.91 18960.95 1025.63 1082.82 615.24 260.51 
0.15 33484.65 9619.26 3391.17 301.58 627.89 465.01 
0.16 28659.62 12725.17 2114.59 887.76 269.11 207.99 
0.17 23324.28 7137.20 2188.68 280.15 343.82 366.84 
0.18 21575.76 7568.38 1927.41 252.68 310.47 155.37 
0.19 16588.56 7736.30 1709.04 663.06 281.90 314.66 
0.20 17359.51 3342.57 1234.79 184.57 198.24 130.02 
0.22 10657.45 5192.25 1693.54 315.95 292.99 255.92 
0.23 9498.35 2993.49 817.42 347.98 160.44 113.69 
0.24 10962.10 3469.12 1016.51 236.32 185.77 190.96 
0.21 12328.30 3982.76 967.99 346.88 235.78 150.92 
0.22 9769.02 5892.25 1433.54 354.95 266.99 210.92 
0.23 11103.78 2893.49 838.42 288.98 133.44 129.69 
0.25 7136.82 3905.60 628.29 244.44 221.72 109.50 
0.27 7495.67 2520.66 782.25 269.45 219.55 122.72 
0.28 4896.33 2283.95 721.47 116.70 111.08 115.11 
0.29 6195.73 1676.64 667.31 230.46 104.52 108.22 
0.30 5566.46 2194.25 418.85 119.52 180.74 101.96 
0.32 3157.54 1590.14 734.10 187.92 81.16 72.02 
0.33 3006.30 1762.84 300.64 140.00 127.22 101.23 
0.35 3314.17 891.11 539.23 167.40 64.73 64.75 
0.36 2938.82 879.39 313.56 117.57 126.08 97.99 
0.38 2541.43 1277.84 444.81 138.47 52.80 38.28 
0.39 2415.72 620.97 266.28 61.11 78.09 87.28 
0.41 2788.32 522.04 388.94 90.55 71.42 36.87 
0.42 711.35 949.67 223.82 135.28 68.41 86.42 
0.44 1937.33 670.52 341.03 49.58 82.96 32.99 
0.45 1383.01 860.88 251.16 75.12 39.49 68.98 
0.47 1201.82 460.71 228.01 98.84 88.97 26.30 
0.48 1464.94 529.60 217.58 46.99 53.90 44.61 
0.50 919.47 774.10 148.70 63.80 25.12 41.52 
0.51 1133.57 249.32 220.14 58.43 48.37 30.10 
0.52 1151.93 526.27 182.10 36.19 65.73 68.76 
0.53 995.48 315.81 174.55 73.09 31.16 14.48 
0.54 966.84 484.80 217.44 52.09 55.68 46.27 
0.56 963.76 302.67 154.43 48.43 30.94 16.02 
0.58 891.45 367.02 94.84 27.13 38.45 31.98 
0.60 721.10 248.18 132.46 42.16 36.19 40.13 
0.62 578.20 322.58 123.15 55.48 47.14 13.44 
0.64 546.53 175.75 154.75 37.04 17.25 36.90 
0.66 651.07 223.32 74.16 53.82 48.53 14.48 
0.68 438.97 328.95 129.28 32.80 28.95 37.18 
0.70 385.29 78.38 94.02 20.94 36.49 15.98 
0.72 491.11 210.38 58.31 29.24 26.14 29.87 
0.74 396.12 163.75 83.09 27.68 17.89 8.84 
0.76 473.46 202.33 100.30 33.23 23.73 26.88 
0.78 227.41 141.97 93.91 12.90 19.66 19.00 
0.80 326.44 94.55 40.86 23.67 31.66 12.17 
0.82 329.27 95.97 84.13 12.52 20.72 24.40 
0.84 278.77 146.12 46.68 21.46 9.85 13.67 
0.86 226.74 37.95 79.48 25.47 24.03 16.00 

  
Sw Fa 

Group 1 
Kave=0.01 
md 

Group 2 
kave=0.15 
md 

Group 3 
kave=1.5 
md 

Group 4 
Kave=10 
md 

Group 5 
Kave=85 
md 

Group 6 
Kave=750 
md 

0.88 258.56 90.36 37.52 19.55 8.27 15.37 
0.90 233.27 124.31 53.76 18.68 17.55 19.77 
0.92 169.43 64.74 32.20 11.88 25.87 11.21 
0.94 206.68 85.60 48.80 20.12 16.24 18.68 
0.96 224.12 115.85 69.57 12.41 20.64 13.18 
0.98 147.16 57.45 44.48 20.75 8.08 8.72 
1.00 195.98 89.38 15.53 12.12 20.54 12.27 

Table 1. Fa vs Sw for Six Groups of Core Samples Table 1. Fa vs Sw for Six Groups of Core Samples 

(continued) 

6096.1)log(1866.2)log( 11 +−= wa SF

162.1)log(998.1)log( 22 +−= wa SF
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permeability estimates by several digits beyond the decimal 
point. The importance of this work is to improve the accura-
cy of permeability estimation and reduce human errors in 
figure reading. In addition, the new equation and algorithm 
developed in the permeability estimation process can be 
programmed into computers, thus speeding up the estima-
tion process. 

Figure 2. Plot of Apparent Formation Resistivity Fa versus 

Water Saturation Sw 

Figure 3. Log(Fa) vs Log(Sw) 

 
As mentioned previously in reference to Equation (4), A 

and B are constants for a certain formation. Now let us in-
vestigate what parameters A and B may be related to. The 
Carman-Kozeny equation is 

 
(19) 

 
where kz is Kozeny’s constant and Spv is the internal surface 
area of the pores per unit of pore volume. The generalized τ-
F relationship is in the form of 
 

(20) 

Figure 4. Apparent Formation Factor vs Water Saturation for 

Various Permeability Groups [3] 

 
where y is an exponent. Combining Equations (18) and (19) 
gives 
 

(21) 
 
Substituting the Salem & Chilingarian [10] relationship 
 

(22) 
 
into Equation (21) leads to 
 

(23) 
 
 
Rearranging Equation (23) yields 
 
 

(24) 
 
 
Comparing Equation (24) with Equation (4), we have 
 

(25) 
 
and 
 

(26) 
 
 

Equations (25) and (26) show that the constant, B , is re-
lated only to y, the exponent in the generalized τ-F relation-
ship, while the other constant, A , is a function of y, the pore
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-volume-based specific surface, Spv, and porosity f. For a 
certain formation, y, Spv and f are referred to average prop-
erties and can be considered constants; thus, from Equations 

(25) and (26), it can be said that A and B are constants.  
 

Conclusions 
 

From this study, three conclusions can be reached: 
 

1. A new equation was derived and an algorithm devel-
oped to calculate permeabilities for clean formations 
from resistivity log measurements. By applying the 
algorithm, accuracy was improved in the estimation 
of permeability. 

2. The algorithm can be incorporated into a reservoir 
simulator so that it will provide an improved permea-
bility input. 

3. Equations to predict the constants in the correlation 
of the formation resistivity factor  versus permeabil-
ity were derived. Parameters related to the constants 
were also found. 
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Appendices 
 

Derivation of the New Equation 
 

Suppose point log(Sw), log(Fa) is located between the two 
straight lines defined by the following two equations: 
 

(A-1)                                      
and 

 
(A-2)                                      

 
The difference of the intercepts for these two straight lines 
is 

(A-3)                                                   
Now, if we let 
 

(A-4) 
and 
 

(A-5)                                                   
 
then from Equations (A-3), (A-4) and (A-5) we get 
 

(A-6)                                                   
 
 

If in Equations (A-1) and (A-2) n1 ¹ n2, then the lines are 
not parallel and the two straight lines defined by Equations 
(A-1) and (A-2) cross at point P. From Equations (A-1), (A-
2), (A-4) and (A-5), the coordinates of point P (x1, y1) can 
be calculated as 

 
(A-7) 

 
 

(A-8)                                                          
 
 
Point log(Sw), log(Fa) is located between the two straight 
lines defined by the Equations (A-1) and (A-2). Next, let 
 

(A-9)  
and 

(A-10)               

 
then the straight line which passes points (x1, y1) and (x2, y2) 
has a function of 
 

(A-11)                                                     
 
Its y intercept is 
 

(A-12) 
 
 
The difference between the intercept of the straight line de-
fined by Equation (A-11) and that of the line defined by 
Equation (A-1) is 
 

(A-13)    
 
From Equations (A-6) and (A-13), k can be solved as 
 
 

(A-14)                                                                
 
 

From Equation (A-14), when b= b1, it can be seen that k = 
k1; and when b = b2, k = k2. So, the calculation of permeabil-
ity is effective for the whole interval bÎ[ b2, b1]. If n1= n2 = 
n’, then the two straight lines defined by Equations (A-1) 
and (A-2) are parallel to each other. From point (x2, y2), a 
straight line can be drawn parallel to these two lines. Letting 
b be the intercept of this new line, then 
 

(A-15)                                       
 
and 
 

(A-16)                                        
 
From Equations (A-15) and (A-16), k can be solved as 
 
 

(A-17)                                         
 
 
where b = n’log(Sw)+ log(Fa); b1 and b2 were defined in 
Equations (A-4) and (A-5); log(Fa1) was calculated from 
Equation (A-1), assuming that Sw1 = Sw, log(Fa2) was calcu-
lated from Equation (A-2) and that Sw2 = Sw. 
 

Furthermore, from Equation (A-17), when b = b1, it can 
be seen that k = k1; and when b = b2, k = k2. So, the calcula-
tion of permeability is also effective for the whole interval 
bÎ[ b2, b1]. The first part of Equation (A-17) is the same as 
Equation (A-14). If the permeability is calculated from in-
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tercept differences, for both cases, n1= n2 and n1 ≠ n2, the 
same equation can be used. If n1 and n2 are equal to each 
other, another method for calculating the permeability 
would be to use the second part of Equation (A-17). 
 

SI Metric Conversion Factors 
 

md ´ 9.869 233 E-04 = mm2 
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