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ABSTRACT
On this paper we performed a characterization of rocks from 3D image captured by X-ray microtomography. We analyzed porosity, pore size distribution (via mathematical morphology (DTP-M)) and permeability. Due to the high computational cost of such simulations, a simplification of the porous phase should be adopted. On the present work, we adopted the maximal ball algorithm (a-BM) with that end. Besides, other data could be obtained from this pore network, such as the distributions of coordination number (DNC), spherical pores (DT-PE) and cylindrical throats (DT-GC). We applied that methodology to five samples of rocks: three sandstones and two carbonates. As first results, we observed a consistent agreement between the pore size distribution obtained from a-BM and that obtained from DTP-M. Furthermore, we obtained a good agreement with the calculated values for the two samples that have experimental values of permeability.
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1. Introduction
There is a wide range of technological applications where porous materials play a main role. In these cases, a great effort is made to describe their properties. In this sense, image analysis techniques are useful tools which allow us, from a 3D image captured by X-ray microtomography1,2, to extract some properties from the medium – such as porosity and pore size distribution – which are obtained with a minimum of processing of the original image. 
Other quantities commonly required are related to a simulation of physical phenomena on the image, such as permeability. Due to the high computational cost of such simulations3, the simplification of the porous phase should be carried out. In the present work, we adopt the maximal ball algorithm (a-BM) to this end4,5 (see Fig. 1), and based on that simplified lattice, we can determine the absolute permeability by means of a semi-analytical method6. 
Besides, other data can be obtained from this pore network model, such as the distribution of coordination number (DNC), spherical pores (DT-PE) and cylindrical throats (DT-GC), which complement the characterization of the studied samples.
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Figure 1: Example of image after applying maximal ball algorithm.

2 Materials and Methods
We applied the methodology to five samples of rocks: three sandstones (A1, A2 and A3) and two carbonates (C1 and C2). Figs. 2 and 3 display a slice of each sample.

The samples were obtained by X-ray computed microtomography. After the 3D reconstruction, it was performed a manual segmentation. The binary images were submitted to two procedures:

1. Theory of Mathematical Morphology7,8,9 is a usual and older methodology in the study of porous media from image analysis perspective, which was used to compute the pore size distribution (DTP-M). We utilize the software Imago® on the original binary image with that aim.
2. We use the maximal ball algorithm (a-BM) to extract the pore network and then we compute the distributions of coordination number (DNC), spherical pores (DT-PE) and cylindrical throats (DT-GC). We also apply a semi-analytical method6 to calculate the absolute permeability on the pore network.
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	(a) A1, resolution of 2.40 µm
	(b) A2, resolution of 3.40 µm
	(c) A3, resolution of 3.90 µm


Figure 2: Grayscale images of the sandstone samples.
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	(a) C1, resolution of 17.00 µm
	(b) C2, resolution of 3.90 µm


Figure 3: Grayscale images of the carbonate samples.

3 Results and Discussions
3.1 Porosity
It is import to make clear that we are analyzing the images, not the samples. That means we are always limited by the image resolution, and images could not capture all object’s features. That explains the difference between the experimental values and those obtained by image processing: images always present less porosity than experimental data, as we can see on Table 1. The sample A3 shows porosity of 18.5% on the image while its experimental value is 28.3%. That discrepancy is larger in those materials that show severe heterogeneity on its porous structure, such as the carbonates rocks, as we can see in Table 1 for C2: in which 11.7% is obtained from images and 30.9% from experiment.
3.2 Pore size distribution of mathematical morphology

The first step is to verify the consistence between the pore size distributions made by Mathematical Morphology and the maximal ball algorithm (see Fig. 4). Mathematical Morphology functions take into account all the porous phase indistinctly while maximal ball algorithm compute some small throats to the next big pore. That explains why small pores are highlighted by Mathematical Morphology on all rock samples. We should emphasize that those graphics take into account volume-based data. Another interesting outcome is that both methodologies nearly agree on the prediction of the maximal values of pore radius for all the samples. As a result, we find consistence between both procedures, and that allow us to go on with the characterization.
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Figure 4: Comparison between the pore size distributions obtained by Mathematical Morphology 
and by maximal ball algorithm.

3.3 Distribution of coordination number (DNC)
The coordination number is the number of throats that leaves (or arrives) to a pore. It is a parameter for measuring the topology of a network, which is an information related to transport properties10. Fig. 5 shows the DNC samples. We observe a similar behavior for sandstones, reaching a mean of 3.82, 3.76 and 3.15, respectively; and approximately maximum values of 20, 19 and 20, respectively. The carbonates have more than 50% of pores with NC equal to 0 (isolated pore) or to 1. They also have reach approximate mean of 1.31 and 1.75, respectively; its maximum values are not considerably distant, reaching 10 and 17, respectively.
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Figure 5: Coordination number distributions.

3.4 Spherical pore size distribution (DT-PE)

The continuum lines in Fig. 6 represent the DT-PE samples. We can notice that the data from the sandstones A1, A2 and A3 have a similar shape, and concentrate their pores in a value that is four times their respective resolutions, which are 2.40 µm, 3.40 µm and 3.90 µm, respectively. Besides, their mean values show relative proximity: 11.1 µm, 17.6 µm and 14.3 µm, respectively. Their maximum radii are: A1, 43.7 µm; A2, 73.2 µm and A3, 52.9 µm. On the other hand, the distribution peaks of carbonate rocks C1 and C2 are raised to twice their respective resolutions values, which are of 17.0 µm and 3.90 µm. However, their maximum radii are very different: C1 shows 369 µm and C2 shows 49.0 µm. Finally, their mean radii are 54.0 µm for C1 and 8.12 µm for C1. Tab. 1 shows other relevant data.
3.5 Cylindrical throats size distribution (DT-GC)

The dashed lines in Fig. 6 show the DT-GC samples. The sandstones concentrate their distribution around twice their resolution values. For A1 this concentration is approximately 70% of throats, resulting in a mean of 4.84 µm, which is near twice its resolution, 2.40 µm. For A2 that region clusters more than 50% of the cylindrical objects, with a mean that is of 7.80 µm; again, almost twice the resolution of 3.40 µm. For A3 almost 80% of throats are around the mean of 6.61 µm, and still corresponds to the vicinity of twice the resolution of 3.90 µm. For the great part of throats of C1 and C2, the radii are equal to the image resolution of 17.0 and 3.90 µm, respectively. For C1 this maximum is almost of 30% with a mean of 27.2 µm, and for C2 the maximum exceed 60% with a mean of 6.61 µm. Tab. 1 shows more data.

3.6 Insufficient resolution

When DNC shows a considerable ratio of values 0 (isolated pore) and 1, we should be aware of the possibility of insufficiency of the image resolution to identify throats of less than one voxel. The same logic can be used when we find a similar behavior in DT-PE and DT-GC. Then from the graphics of Fig. 5 e 6, we can observe that the images of C1 and C2 are not effective to reveal the porous structure in that scale of observation. That occurs due to the heterogeneity of rocks, which is a common property of carbonates11. In such case a multiscale approach is necessary12,13.
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Figure 6: Pore and throat size distribution.

3.7 Permeability

For the two samples that we have experimental data, we predict 5000 mD for A2, which exhibits 5602 mD. For A3, we predict 4000 mD of 1282 mD measured experimentally. The insufficient images resolutions for carbonates explain the fact that we predict zero permeability for those samples: the connectivity of the real space was not properly caught by their images.

4 Conclusion
On this paper we performed the characterization of porous system of petroleum reservoir rocks based on pore network extraction. Based on X-rays computed microtomography images we used the maximal ball algorithm to extract its network. We observed consistence between the applied methodology and those from Mathematical Morphology, which allowed us to carried out the analysis and to observe that each group of rocks shared similar properties. We observed a good agreement between the predicted and experimental values of permeability for the sandstones. In addition, the methodology was able to warn us about the necessity of a multiscale approach for the carbonates.
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Table 1 – Sample’s Date

	
	A1
	A2
	A3
	C1
	C2

	
	
	
	
	
	

	Resolution (µm)
	2.40
	3.40
	3.90
	17.0
	3.90

	Size (voxels³)
	300
	300
	300
	500
	300


	Porosity
 (%)
	21.0
	22.1
	18.5
	6.84
	11.7

	Porosity
 (%)
	-- 

	--
	28.3
	--
	30.9

	
	
	
	
	
	

	Results from a-BM

	
	
	
	
	
	

	Porosity (%)
	20.4
	21.6
	18.2
	6.78
	11.5

	Nº of isolated pores
	61
	19
	124
	1289
	1333

	Nº of non-isolated pores
	2534
	805
	1914
	4461
	6258

	Nº of throats
	4818
	1514
	3012
	2927
	5489

	
	
	
	
	
	

	Coordination number
	
	
	
	
	

	Mean
	3.82
	3.76
	3.15
	1.31
	1.75

	Maximum
	20
	19
	20
	10
	17

	Minimum
	0
	0
	0
	0
	0

	
	
	
	
	
	

	Radii of pores (µm)
	
	
	
	
	

	Mean
	11.1
	17.6
	14.3
	54.0
	8.12

	Maximum
	43.7
	73.2
	52.9
	369
	49.0

	Minimum
	2.19
	3.11
	3.56
	15.5
	3.56

	
	
	
	
	
	

	Radii of throats (µm)
	
	
	
	
	

	Mean
	4.84
	7.80
	6.61
	27.2
	3.83

	Maximum
	27.8
	35.7
	31.8
	166
	25.6

	Minimum
	1.20
	1.70
	1.95
	8.50
	1.95

	
	
	
	
	
	

	Permeability (mD)

	
	
	
	
	
	

	Axis x
	3064
	5988
	945
	0
	0

	Axis y
	1940
	4417
	1400
	0
	0

	Axis z
	3364
	6401
	1500
	0
	0

	Mean
	2789
	5602
	1282
	0
	0

	Experimental
	--
	5000
	4000
	125
	--


� Porosity value obtained with software Imago®


� Experimental values of porosity


� Unavailable value 





