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Abstract: 

The description of pores and fracture structures is a consistently important issue and certainly a difficult 

problem, especially for shale or tight rocks. However, the exploitation of so-called unconventional energy, such 

as shale methane, tight-oil, has become more and more dependent on an understanding of the inner structure of 

these unconventional reservoirs. The inner structure of porous rocks is very difficult to describe quantitatively 

using normal mathematics, but fractal geometry, which is a powerful mathematical tool for describing 

irregularly shaped objects, can be applied to these rocks. To some degree, the cementation index and tortuosity 

can be used to describe the complexity of these structures. The cementation index can be acquired through 

electro-lithology experiments, but until now, tortuosity could not be quantitatively depicted. This research used 

 

 
This article is protected by copyright. All rights reserved. 

This article has been accepted for publication and undergone full peer review but has not been 

through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1111/1755-6724.14302. 

mailto:LHQJP1@126.com
mailto:liushishi_hd67@outlook.com
mailto:sunyangsha1@126.com
mailto:TJ374050507@126.com
mailto:Lianglixi@swpu.edu.cn
mailto:Sangq269@163.com
mailto:Liuxiangjun@swpu.edu.cn
https://doi.org/10.1111/1755-6724.14302
https://doi.org/10.1111/1755-6724.14302
https://doi.org/10.1111/1755-6724.14302


the well-logging curves of a gas shale formation to reflect the characteristics of the rock formations and 

changes in the curves to indicate the changes of the rock matrix, the pores, the connections among the pores, 

the permeability, and the fluid type. The curves that are affected most by the rock lithology, such as the gamma 

ray, acoustic logging, and deep resistivity curves, can provide significant information about the micro- or nano-

structure of the rocks. If the rock structures have fractal characteristics, the logging curves will also have fractal 

properties. Based on the definition of a fractal dimension and the Hausdorff dimension, this paper presents a 

new methodology for calculating fractal dimensions of logging curves. This paper also reveals the deep 

meaning of rock cementation index, m, through the Hausdorff dimension and provides a new equation to 

calculate this parameter through the resistivity and porosity of the formation. Although it represents a very 

important relationship between the saturation of hydrocarbon with pores and resistivity, the Archie formula was 

not available for shale and tight rock. The major reason for this was an incorrect understanding of the 

cementation index, and the calculation of the saturation used a single m value from bottom to top of the well. 

Unfortunately, this processing method is clearly wrong for the intensive heterogeneous material of shale and 

tight rock. This paper proposes a method to calculate m through well-logging curves based on a fractal 

geometry that can change with different lithology, so it would have more agreement with in situ situations than 

the traditional method. 

Key words: fractal geometry, nano-scale, well-logging curve, cementation index, tight rocks, gas shale 

 

I. Introduction 

The novel concept of describing certain natural nonlinear, discrete, and rough objects with fractals was first 

introduced by Mandelbrot in 1967, and got more and more applied in various domains. (Mandelbrot, 1967, 

1989; Feng, 2004; Freiberg, 2005; Lokenath, 2006; David, 2007; Naotaka, 2009). Fractal objects and processes 

have scale dependence, self-similarity, complexity, and infinite lengths or details. (Hu, 2006, Steinhurst, 2013, 

Naotaka, 2014)However, it is difficult to formally define the sufficient and necessary conditions for an object 

with fractal properties. Since the publication of an extremely important book authored by Mandelbrot (1982), 

there has been an ever-growing interest in the application of fractal geometry concepts to a variety of 

geological patterns and phenomena, and research has shown that the micro-structure of pores, the fractures of 

rocks, and even the rocks themselves have the self-similarity features of fractals (Hewett, 1986, Korhn, 1986, 

1989, 1992; Ozhovan, 1993;  Xie, 1994, 1996, Yu, 2005; Othman 2010; Peng, 2011; Sakhaee, 2016;). Fractal 

geometry theory has been applied to simulate the heterogeneity of the pores and fractures of rocks in different 

reservoirs, with great success (Mandelbrot, 1986, 1982, 1989). In some cases, variations in permeability with 

height at a well borehole were found to obey fractal statistics, and the correlations implicit in fractal geometries 

allowed researchers to interpolate between the known permeabilities at the borehole. Examples in open 
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literature reporting the use of fractal geostatistics to describe naturally occurring fractures in reservoirs are less 

common (Xie, 1993, 1994, 1996; Donald, 1997). 

Generally speaking, a fractal distribution requires that the number of objects larger than a specified size has a 

power-law dependence on a measurement scale. In fact, the empirical applicability of power-law statistics to 

geological phenomena was used long before the concept of fractals was created. Power-law distributions are 

certainly not the only statistical distributions that have been applied to geological phenomena. A 

comprehensive presentation of the applications of fractals was presented by Feder (1988). Vicsek (1992) 

provided an extensive treatment of fractals emphasizing growth phenomena. Kaye (1989, 1993) described a 

broad range of fractal problems, emphasizing those involving particulate matter. Korvin (1992) considered 

many fractal applications in earth science. Many geologists and geophysicists have applied fractal geometry 

methods and developed new techniques to quantify geological features that were difficult to analyze using only 

classical Euclidean geological techniques (Sammis et al., 1986; Turcotte, 1992; Korvin, 1992; Barton, 1995; 

Perfect, 1997; Perugini et al. 2002; Holtz et al., 2004) 

When describing reservoirs, it is important to characterize the pore structures and fractures, but this task is 

extremely difficult in the early phases of an oilfield. Undoubtedly, understanding and characterizing the 

structure of porous media quantitatively is of fundamental importance to many industrial engineering fields, 

such as petroleum exploration, mining, metallurgy, and civil and hydraulic engineering (Boer, 2003; Chen and 

Song, 2002; Bansal et al., 2010). For example, in petroleum exploration, the pore structure of the rock affects 

the oil recovery, the remediation of non-aqueous phase liquid contaminated soil, and the heat and mass 

transport in the packed beds (Rigby and Gladden, 1996; Boadu, 2000). As complex geological materials, rocks 

have discontinuous, non-homogeneous, multi-phase composite structures. Many irregular pores occur on 

different scales, and these pores affect the physical, mechanical, and chemical properties of the rock materials 

(Othman et al., 2010; Peng et al., 2011; Zhao, 2016), such as the strength, elastic modulus, diffusion, 

permeability, conductivity, wave velocity, particle surface adsorption, and the capacity of the rock reservoir 

(Boadu, 2000; Sanyal et al., 2006;  Giorgio et al., 2014 ). Some researchers proposed an approach that is 

characterized by a strict adherence to the pore size distribution of real materials (Yu, 2005; Xu, 2015). Zheng 

and others thought that the fractal dimension Dp can be determined with the porosity φ and the ratio rmin/rmax 

in porous media. Similarly, the tortuosity and length of capillaries also exhibit the fractal scaling law. (Zheng et 

al., 2013a, b; Xu et al., 2013a): Xu and Tian et al. predicated the relative permeability of rocks through fractal 

dimension, and they believed that the distribution of the capillaries satisfies the fractal characteristic, the 

probability density function can be determined (Xu et al., 2013a, 2013b, 2017; Tian, 2015;). Wang and Ge et al. 

analyzed the fractal properties of NMR images and its corresponding pore structures(Wang, 2012; Ge, 2015). 

In the last few decades, especially in the recent ten years, unconventional hydrocarbon reservoirs such as 

tight-rock, shale gas, and gas hydrates have been more actively developed(Zou,2011; Ran, 2016; Zhai, 2018; 
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Zhou, 2018; Bao, 2018; Chen, 2018; Lu, 2018; Zhao, 2018). Therefore, micro- and nano-scale pore structures 

have become more important in descriptions of tight rock or shale(Zhang, 2015a; Xu, 2015, 2017; Ju, 2018) 

The important properties of such structures are: (1) Different scaling behavior on different scales, (2) 

Inhomogeneity, and (3) Anisotropy. For the pore structure of shale, fractal geometry reveals a well-known 

series of “sponges” that illustrates the pore size distribution and morphology of the shale. An example of this is 

the Sierpinski carpet or its corresponding 3D model, known as the Menger sponge. The planar and 3-D 

Sierpinski carpets (i=4, 3) can be created by a finite iteration according to the power-law. The Sierpinski carpet 

is often used to simulate porous microstructures, especially for porous rocks. Fig. 1 shows SEM images of the 

shale at different magnifications, showing different sizes of pores or fractures that are very similar. Tectonic 

movement created fractures with different sizes, and their natural distribution is much like that of the Sierpinski 

carpet. This phenomenon is often encountered in rocks, especially in tight and shale rocks. 

 

 

 

Fig. 1. Inner structure of the shale rock. Because of the tectonic movement, a lot of micro- or nano-scale 

pores and fractures with different sizes occurred, and their natural distribution is much like that of the 

Sierpinski carpet. 
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Fig. 2. Planar and 3-D Sierpinski carpet (i=4,3) that can be created by a finite iteration according to the 

power-law. 

 

The SEM images in Fig. 3 show that the sizes of the pores and fractures range from the micrometer scale to 

the nanometer scale. It is very difficult to describe these pores or throat structures using classical geometry. 

   

a) Kaolinite, ×10763, nanopores can be found    b) Illinite, ×8030, micro- and nanopores can be found 
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  c)  Illinite, ×10000, nano-throats and micropores    d) Illinite, ×10000, micro-throats and micropores 

Fig. 3. SEM images show that the pores, throats, and fractures have sizes that range from the micrometer 

to the nanometer range. 

 

Both theoretical research and experimental studies show that sedimentary rocks have fractal pores, throats, 

and fractures. The real rocks are 3-D structures that are highly tortuous and often have fractal geometric forms. 

The geometric pore structures can be classified based on the crystallographic properties such as the shape, size, 

spatial distribution, and spatial and crystallographic orientation, combined with variations of the mineralogical 

and chemical composition, such as quartz, calcite, dolomite, and pyrite. The domains for these properties range 

from the nanometer-scale to the kilometer-scale. The large scale topography is created by tectonic processes, 

including faulting, folding, and flexure, and it is modified and destroyed by erosion and sedimentation. There is 

considerable empirical evidence that erosion is scale invariant and fractal. A river network is a classic example 

of a fractal tree. Topography often appears to be complex and chaotic, yet there is order in the complexity. 

Precise measurements of a wide spectrum of geological structures quantify different patterns of complexity on 

different scales. These methods of fractal geometry are the best and only choices for the pattern quantification 

of geological structures (Kaye, 1989, 1993), but it still difficult to use these methods to quantify the complexity 

of rock or formation environments. 

Well-logging curves are derived from a variety of rock and formation properties, such as lithology, porosity, 

permeability, and pore structure. Therefore, all of these curves have fractal properties. This paper first presents 

a process for checking the fractal features of well-logging curves, and then shows how the fractal dimension  

Dw can be strictly derived according to mathematical definitions. Finally, the geological meaning of this fractal 
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dimension is thoroughly described. We unexpectedly found that Dw had a relationship with the cementation 

index (m) of the formation, which is a very important parameter in the Archie equation (Archie, 1942). Our 

calculations of well-logging fractal properties further enlarged the geological meanings of m. 

 

II. The Hausdorff Dimension and Fractal Properties of Logging Curves 

1. Hausdorff dimension 

Hausdorff and Hawkes expanded the classical dimension definition to depict functions that were continuous 

but not differentiable (Hausdorff, 1919; Hawkes, 1974), such as coast lines, chaos systems, and fractal forms 

(Haudm,1986; Donald etc. 1997). 

We start our discussion with some basic definitions of set theory and the Hausdorff dimension. If U is a 

nonempty set, and if URn, where R represents a real number set, the length or diameter of this set is defined 

as follows: 

sup{| |: , }U x y x y U   .                                            (1) 

The maximum spatial distance between any two different points is defined as the diameter of set U, and if 

{Ui} is an enumerable sequence, 1
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XH  increases with the decrease of δ, and 
D

XH  satisfies the definition of the measurement. If a limiting value 

of 
D

XH exists for any subset 
nX R  (including 0 and  ), then 

D

XH  is called a dimensional Hausdorff measure 

of subset X and it is represented by D. 

For the sake of simplicity, Eq. 3 can be rewritten as 
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2. Cross-point function of the well-logging curves 

In set theory, well-logging curves are typically depth-time sequence data sets that contain the geophysical 

properties of the formation. Reservoirs are usually very heterogeneous, and many interbeds or thin layers are 

frequently encountered. The lithology and formation structures or the sedimentary environments can change 

significantly, and this change results in the complexity of the logging curves. Fig.4 illustrates a resistivity curve, 

labeled the deep resistivity, Rt, which represents the capability of the real formation’s conduction. The curve’s 

shape changes intensively, which indicates that the characteristics of the formation are greatly changed. A large 

change of the curve corresponds to an intensive change of the formation. Even if we use a relative large ruler to 

measure these changes, we can get a correspondence. Similarly, a small change reflects a small change of the 

formation. Even if a much smaller ruler is used, we can also find changes in the formation. Thus, the curve is 

much like the coastlines of an ocean, which have an infinite topology structure, and the curve can therefore be 

described through fractal geometry. 

All of the logging data belongs to a real number set, Rn. If W represents a complete subset of the well-

logging curve data, such as the gamma ray (GR), acoustic logging (AC), and deep resistivity (Rt) curves and so 

on, we can constitute real number subsets. For example, GR represents a real number set, the relationship of 

these three subsets is: GRW  Rn. 

As shown in the deep resistivity curve in Fig. 4, supposing that is Rt, the deep resistivity of the formation 

subset, and RtWRn, where Rn represents set of real numbers, then n is the dimension of real space, δ is 

the length of the side of square grid that is used to overlap the resistivity curve, and N (δ, i) is the cross-point 

function of two adjacent points. N (δ, i) is expressed as 

1
( , , ) int

i iRt Rt
N Rt i




  

  
  

,                                  (5) 

where Rti is true resistivity of the ith point and int is a round function that returns an integer. Generally, the 

measure scale δ satisfies the condition δ<<|Rti-Rti-1|. 

The number of cross points depends on two aspects. The larger the distance between two adjacent points is, 

the higher the value of N(r, i) is. The smaller the δ-grid scale is, the higher the value of the cross-point function 

is. For any zone of formation, assuming that there are k sampling points, the total number of cross points can be 

calculated by 
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where k is the number of elements of this set, and N(δ) is a cross-point function of the well-logging curves. 

For other curves such as the AC curve used to calculate the porosity of a formation, we can get a similar cross-

point function of N (δ). 

 

Fig. 4 Resistivity curve and Cross Function N (δ). This function is dependent on the change degree of the well-

logging curve and the view-size of the square grid, i.e. the size of δ. 

3. Formation cementation index 

As we all know, the resistivity is a function of the porosity and saturation of water as well as its 

salinity. One of the classical equations for calculating saturation of hydrocarbons in formations is the 

Archie formula, it can be expressed as the following: 

  

w
n

m

t

abR
Sw

R


,                                                                (7) 

where a and, b are generally taken as lithology coefficients, and usually, a=b=1. The parameter m, 

was named by Archie named it as the cementation index, which depicts the connectivity of different 

pores and throats, and n is the increscent coefficient of saturation. For several decades from Archie 

formula was published, thousands of papers have been presented to discuss the geological meanings 

and the value of m and n, especially the former. Many scholars presented their own modified models 

of this equation, including the Waxman-Smith model, the Dual water model, the Simandoux model 

and the Nigeria model, which are famous. Almost all of these models are focused on the 

conductivity of the formation water, and more importantly on the conductive path. Another 
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significant definition was proposed, i.e. tortuosity, which will be discussed in detail later in this 

paper. In fact, many experts have noticed the complexity of the cementation index m, but 

ascertaining how to depict it is has been an eternal problem that disturbed them. Obviously, it cannot 

be defined by a linearized relation because of the complex topology of the structure of the pores and 

throats, especially their infinite inner and smaller micro- and nano-structures. 

Fractal geometry has gained more and more attention since it was established by the famous 

mathematician Mandelbrot in 1975. It is a non-linear geometry that can be used to describe a natural 

phenomenon with statistical self-similarity. Through SEM, one can find this self-similarity 

phenomenon existence occasionally. Since m is related to the cementation of the pore and throat, and 

the pore and the throat have self-similarity, m, may consequently be expressed in fractal geometry 

form. 

Eq. 7 can be rewritten as 

m w
t n

w

abR
R

S
  .                                                        (8) 

 Any two adjacent points of the curve that were within a section of the reservoir have a thickness of 

12.5cm or less. Therefore, generally speaking, less than 5 points cannot reflect a reservoir’s properties. 

Therefore, the number of samples, k, is usually larger than 5. 

If we have k points for a logging curve such as the Rt curve, then according to the Archie equation, 

the following formula can be deduced: 

1 1 2 2 1 1

m m m m W
k k k k n

W

abR
Rt Rt Rt Rt

S
          .   (9) 

For a certain layer of the geological profile in a well, the saturation of water, that is Sw, the 

resistivity of water, that is Rw is almost unchanged, and the coefficients of the rock  a and b are also 

constant, so we get 

1 1 2 2 1 1

m m m m

k k k k
Rt Rt Rt Rt Rw   

 
        .   (10) 

To equate the two sides of this equation, we take the logarithm of each side and get 

1 1 2 2ln ln ln lnRt m Rt m   
.
 

For any two different points, i and j, m can be derived: 
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ln Rti is almost equal to ln Rtj. If i and j are two adjacent points, the difference is almost 0. The 

same is true for ln φi and ln φj. 

Eq. 11 has a limitation of 0/0, so it obeys l'Hôpital's rule or Bernoulli's rule. We can calculate these 

limitations one by one using a computer. If we calculate the values of m one by one according to the 

sequence based on Eq. 11, the equation can be further transformed into 

11
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1 1

ln lnln ln
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ln ln ln ln

i ii i
i i i

i i i i

Rt RtRt Rt
m and i k 

   




 


    

 
.      (12) 

The parameter m is usually determined by electro-lithological experiments with rock cores, but 

this is limited by the relatively high cost of cores extracted from formations and by the fact that core 

sampling is usually only done in specially selected zones. Therefore, an oilfield often has just one m 

for an entire area. If the reservoir is relative homogeneous, this is fine, but unfortunately, reservoirs 

are often very heterogeneous with different m values for different wells or even different m values for 

the same well with different formations. Because of this, Eq. 12 provides an effective method for 

calculating m without experiments. 

 

4. Fractal properties of the cementation index m 

If the denominator and numerator of Eq. 12 are both divided by the measure scale δ, we can get the 

Hausdorff fractal dimensions of Rt and φ. See Eqs. 5 and 6. 
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And then we can get 
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If the saturation of the fluid in the formation is almost unchanged, and if the mi (i=1,2,…, k-1) 

values are approximately equal to each other, based on the definition of the Hausdorff dimension, we 

can get 
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Therefore, the Hausdorff dimensions for ln (Rt) and ln (φ) are 
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Eqs. 14, 17, and 18 lead to 
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Therefore, 

m R
D D


 .                                                                     (20) 

From the above discussion and calculations, based on the fractal properties of the pore structure of 

the rock, one can get a novel method for calculating the cementation index of a formation for a given 

zone of a reservoir. This method is much less expensive and more efficient than the normal electro-

lithological experiments, but in addition to an effective calculation, this method also reveals the 

geological and geophysical meanings of m. 

III. Fractal dimension of well-logging curves 

In this research, we selected 6 samples of shale rock, and measured their organic porosity, 

inorganic porosity and total porosity respectively, and listed in Table 1. From the table, it was can be 
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known the pore volume were very tiny, hence, their porosities were very low.  And the SEM slips 

showed above illustrated the sizes of the pores were in micro or nano-scale, so if still use ordinary 

experiment to determine the value of m, the error was definitely large.  

Table. 1 Porosity of shale cores  

Sample 

No. 

Organic Porosity 

/% 

Inorganic Porosity 

/% 

Total Porosity 

/% 

1# 0.09-2.31 1.62-4.01 2.78-5.36 

2# 0.10-1.46 1.28-3.22 2.02-4.28 

3# 0.15-2.86 2.16-4.04 2.80-6.31 

4# 0.06-1.35 2.23-4.37 3.02-5.26 

5# 0.11-2.03 2.67-4.04 2.33-6.81 

6# 0.16-2.44 2.27-4.83 2.05-6.93 

 

The following section will clarify how to get this key parameter of m.  

Fig.5 and Table 2 show sample oilfield data. Using Eq. 20, m can be calculated for positions from 

the bottom to the top for a certain zone. Table 2 also shows values for the Hausdorff dimensions of 

resistivity and porosity curves with different measurement scales. This table shows that DR and Dφ 

generally decrease with decreasing δ, but m stays equal to 2.120. The result is nearly in agreement 

with the measured value of m =2.173 that was derived from experiments. Supposing that Rw = 0.025 

Ω·m, a=b=1, φ = 5.38%, n=2.0, and Rt = 89.65 Ω·m. If m = 2.173, then according to the Archie 

equation, Sw =39.997%, and if m =2.120, Sw =36.988%, then the relative error is only 7.45%. 

Fig. 5 shows the three types of well-logging curves of an oilfield: The gamma ray reflected 

radioactivity of the formation (GR) curve, the resistivity of the true formation (Rt) curve, and the 

porosity of the formation (POR) curve. According to Eq. 18, we should use a variant view scale to 

create the Rt and POR curves. In this research, we used a rectangular grid and only the transverse 

side was changed. The vertical side, which represented the depth of the formation, was not changed, 

and was set to 0.1 m. The length of the transverse side was changed from 0.1 m to 10
-4

 m, so the grid 

size was 0.1 m to 10
-4

 m×0.1 m. For different curves, the transverse length of 0.1 m required 

different magnification amount (Tm). For example, the scale of the left side of the Rt curve was 0 

Ω·m, and the scale of right said was 50 Ω·m. The transverse length of 0.1 m means that 0.1=(50-
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0)/Tm, so Tm =500 Ω·m. For the POR curve, Tm = (40-0)/0.1=400%, and for the GR curve, the 

Tm=(150-0)/0.1=1500 API. The view-scale is used like a magnifying lens to identify subtle and tiny 

changes in the curves. These changes reflect the micro- or nano-structure changes of the rocks. 

   

a) Grid size δ = 10
-1

 m×0.1 m              b) Grid size δ = 10
-2

 m×0.1 m 
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c) Grid size δ = 10
-3

 m×0.1 m    d) Grid size δ = 10
-4

 m×0.1 m 

Fig. 5. GR, RT, and POR curves with different grid sizes. 

 

Table 2. calculated m based on a fractal geometry grid size of δ = 10
-1

 m×0.1 m 

Depth/m GR/API POR/% Rt/Ω·m Dφ DR m 

X860 67.49 4.42 82.75 1.884 1.450 2.718 

X861 58.07 4.29 76.25 1.029 0.980 1.119 

X862 68.84 5.32 59.93 1.865 1.634 1.700 

X863 84.47 5.49 63.22 1.621 1.236 2.426 
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X864 84.93 5.80 55.31 1.317 1.256 1.150 

X865 70.59 5.19 62.84 1.686 1.420 1.847 

X866 63.42 5.24 86.94 1.943 1.875 1.170 

X867 68.40 5.38 89.65 1.207 0.947 1.820 

X868 72.24 6.00 76.93 1.304 1.217 1.223 

X869 80.28 5.20 58.66 1.648 1.422 1.684 

X870 75.15 5.48 64.00 1.827 1.691 1.368 

X871 76.45 5.67 61.07 1.016 0.574 2.767 

X872 62.59 4.26 86.03 1.639       1.377 1.828 

X873 73.11 4.49 78.10 1.043 0.753 1.947 

X874 69.62 5.53 52.02 1.292 0.972 2.092 

X875 61.80 4.92 66.51 1.088 1.077 1.025 

X876 56.09 4.07 80.65 0.902 0.619 1.920 

X877 73.98 5.31 51.67 0.851 1.037 0.652 

X878 83.10 7.34 41.83 1.849 1.763 1.218 

X879 82.50 7.11 43.52 1.168 1.033 1.363 

X880 81.69 6.08 35.17 0.972 0.902 1.175 

X881 91.60 7.77 26.35 1.304 1.130 1.494 

X882 91.61 8.71 22.22 1.187 1.003 1.528 

X883 89.45 7.50 27.92 1.178 0.792 2.436 
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X884 81.30 6.44 40.50 1.277 1.213 1.159 

X885 81.70 5.70 46.63 1.014 0.709 2.019 

 

IV. Geological and geophysical meanings of m 

The cementation index, m, is not just a value that describes the degree of intergranular 

cementation; it also reflects the subtle structure of the rocks and their evolution during the process of 

diagenesis. A rock’s pore structure can be described by the fractal dimension Dφ, and the rock’s 

evolution is related to the distribution of water, oil, and gas, which can be depicted by the fractal 

dimension DR. Therefore, m is almost certainly a composite parameter, and what is most important is 

that m is associated with the content of the fluids and their spatial distribution. These issues affect 

the electrical current path. The more water there is in the rocks, the smaller of the resistivity is, but 

until now, it has not been clear how the electrons in direct or alternating currents penetrate the pores. 

The existence of oil and gas will impede the current path, but the question is how they will do that in 

porous rocks. 

Supposing that the pore is completely saturated with water, then Sw =100%. We can assume that the 

current takes the shortest, straight-line path with a total length represented by Lw. For a straight line, 

the Hausdorff dimension of resistivity DR =1. With increasing hydrocarbon concentrations (So), the 

path becomes tortuous and the length increases. The total length is represented by Lh. Tortuosity, TC, 

can be used to describe the degree to which a current path is tortuous. It can be defined as 

w
c

h

L
T

L
 .                                            (21) 

Tc is always greater than or equal to 1. 

V. Discussions 

Fractal geometry provides methods for quantifying poorly defined geometries and patterns of 

extremely heterogeneous structures. This research discussed the fractal properties of the pore, throat, 

and fracture structures of shale rock. We used well-logging curves in our study because they reflect 

almost all of the properties of rocks and formations, which have fractal dimension characteristics that 

has been proved by many literatures (Donald et al., 1997; Chen et al., 2002; Boer et al., 2003). 

However, these literatures have pointed out that fractal geometry provides attractive and powerful 

tools for studying complex rock structures, and even others depicted the behavior of fluid in porous 

media(Hussain et al. 2012; Giorgio et al. 2013, 2014). Moreover some researchers have studied the 
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fractal characteristics of shale and tight rocks (Lai et al., 2015; Tian et al., 2015; Sakhaee et al., 2016; 

Zhi et al., 2018). All of these literatures did not find the fractal property of cementation coefficient t of 

rocks, i.e. m. Through rigorous mathematical proofs, this paper proved the vital parameter in Archie 

formula, m, has fractal property, and can be calculated through well logging curves point by point. 

Equation (20) not only gives a more concise formula comparing with expensive and relative complicated 

experiment, it further reveals profound geological meanings of m. 

Eq. 20 shows that m not only reflects the degree of cementation, but most importantly, it discloses 

the micro- or nano-structures of the pores, throats, and fractures. Beyond helping to describe the 

spaces that contain fluids, determination of m also helps us to understand the evolution of the 

diagenesis and sedimentary environments. 

VI. Conclusions 

Our main objective in the present research was to study the fractal properties of the well logging 

curves and the rocks and the formations. We concluded as the following: 

（1） The fractal dimensions reflect the dramatic changes of the logging curves, and the fractal 

dimensions generally decrease with decreasing of detection scale, δ.  

（2） The Hausdorff dimensions of curves,  Rt and φ were defined through a cross-point function, 

N (δ, i), making it possible to calculate the fractal dimensions Dφ and DR.  

（3） Based on the two parameters Rt and φ, the cementation index m can be expressed in terms of 

the fractal dimensions.  

（4） Because of the intensive heterogeneous of the shale and tight rock, the Archie formula was 

no longer available for these reservoirs. This paper proposed a method to calculate  using the well-m

logging curves based on fractal geometry, which can change with depth one by one, so it have more 

agreement with situations of in situ than the traditional method. 

（5）  More accurate value ensures the engineers calculate Sw more precisely, and which has m 

been validated by production data. 
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