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X-Ray computerized microtomography (µ-CT) besides providing two-dimensional images (2-D) 
of the transversal sections of the sample, the biggest attraction of the methodology is the rendering 
of three‑dimensional images (3-D), enabling a more real analysis of the porous structure of the 
rock. However, the reconstruction, visualization and analysis of such 3-D images are limited in 
computer terms. Thus, it is not always possible to reconstruct the images with the total size of the 
microtomographed sample. Therefore, this study aims at determining the Representative Elementary 
Volume (REV) in reservoir rocks concerning their porosity. In order to collect microtomographic 
data from reservoir rocks, a microtomograph Skyscan model 1172 was utilized for the sandstone and 
siltstone samples scanning. After the analysis of the graphs obtained by REV, it was concluded that the 
most adequate dimensions for the reconstructed volume in each analyzed sample were approximately 
1400 × 1400 × 1400 µm, which are dimensions that can easily be reconstructed, visualized and analyzed.
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1.	 Introduction
X-Ray computerized microtomography (µ-CT) has 

been considered a powerful analysis tool for petroleum 
microstructural rocks1-4. In the last years, with the 
development of new technologies, computerized tomographs 
(CT) have evolved rapidly as far as spatial resolution and 
image quality are concerned, going from millimeters 
to micrometers (microtomographs) and, more recently, 
nanometers (nanotomographs). This rendered possible 
the visualization of the internal microstructure of porous 
materials such as the reservoir rocks studied in this work.

µ-CT provides 2-D images of the transversal section 
of the samples, thus enabling the characterization of their 
microstructure. However, in order to use the methodology 
fully, it is necessary to reconstruct, visualize and process 
three-dimensional images (3-D), although such procedures 
are still limited in computer terms. Therefore, it is not always 
possible to create such images with the desired size. Thus, 
this work aims the determination of the Representative 
Elementary Volume (REV) of reservoir rocks concerning 
their porosity. By definition, REV has to be big enough to 
represent the characteristics of the sample and as small as 
possible when compared with its total volume5,6. On the 
other hand, the determination of a representative elementary 
volume is a way to better understand the microstructure 

of a given material, which is the first step to link the 
microstructure properties with its physical properties.

3-D microtomographed images are very important for 
fluid flowing simulation and permeability determination, as 
without 3-D images such procedures would be conducted 
with models created with the Truncated Gaussian method, 
which uses as a base a petrographic thin section of the sample 
which, most of the times, does not reproduces a satisfactory 
model of the real structure of the sample. Therefore, it is 
highly important to reconstruct 3-D microtomographic 
images that represent the samples of reservoir rocks as 
faithfully as possible, so as to obtain results that are as close 
as possible to reality.

It can be seen in the literature7-9 that depending on the 
considered material and the aim of the analysis, a different 
property is employed for REV calculations. Although this 
question has been widely discussed in other fields as bone 
and fibrous materials, it is not the case of works about 
reservoir rocks, which are much more heterogeneous and 
complex. As microtomography methodology achieved 
resolutions compatible with the study of this kind of rocks, 
the literature about it increased exponentially. But, until now, 
almost all of the works in this field ignored the necessity to 
determine the REV of the sample respect to the property of 
interest. The porosity and porous size distribution are the 
focus of this paper, so the REV study will be conducted 
respect to this property.
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2.	 Material and Methods

The µ-CT methodology is a non-destructive technique 
that measures density variations in the material. This 
methodology uses a set of two-dimensional projections of 
an object to reconstruct its two-dimensional structure and, 
consequently, the three-dimensional one as well, by using 
a mathematical algorithm10-14. An illustration of the data 
acquisition, reconstruction and generation of a 3-D image 
and model is presented in Figure 1.

As seen in Figure  1, the X-ray passes through the 
sample that will be scanned; those photons are attenuated 
by scattering and absorption. The basic equation for the 
attenuation of a monoenergetic beam by a homogeneous 
material is given by the Lambert-Beer Law15 (Equation 1):

[ ]−µ0expI = I x 	 (1)

where I
0
 and I are the intensity of the incident and transmitted 

X-rays, respectively, µ is the coefficient of linear attenuation 
for the material being scanned, and x is the thickness of the 
sample to be covered by the beam in the material. As in 
the majority of the cases the scanned object consists of a 
different number of materials and the energy of the X-ray 
tube is polyenergetic, the equation becomes16 (Equation 2):
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The two-dimensional and three-dimensional imaging 
of the reservoir rock samples using CT and/or µ-CT have 
become a standard practice in the petroleum industry. In 
general, water injection is used for petroleum extraction 
from reservoir rocks and CT and µ-CT techniques are being 
used to determine important parameters in this process, such 
as porosity (φ), pore size distribution and permeability (k).

In the petroleum industry it is very common to use other 
methods to determine such parameters. The most popular 
are mercury intrusion porosimetry17,18 and the Archimedes 
method, though the use of such methods renders the 
utilization of the samples in future analyses unviable because 
these methods are destructive. On the other hand, the CT 
and µ-CT techniques, besides enabling future analyses of the 
already analyzed sample, also provide internal visualization 
of the sample by means of 2-D and 3-D images.

2.1.	 Equipment and software

A microtomograph Skyscan model  1172 was used, 
installed at the PETROBRAS Research and Development 
Center (CENPES), Rio de Janeiro, RJ, Brazil. The 
microtomographed images were reconstructed by NRecon 

Figure 1. Illustration of the data acquisition, reconstruction and generation of three-dimensional images and models.
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software19. The porosity data of the samples were obtained 
by Imago software20, developed at the Laboratory of Porous 
Means and Thermophysical Properties of Materials (LMPT) 
from the Department of Mechanical Engineering at Federal 
University of Santa Catarina, in Florianópolis, SC, Brazil, 
in association with the Brazilian software company ESSS 
(Engineering Simulation and Scientific Software). This 
study also used CTan software19 in order to conduct the 
3-D reconstructions of the samples. Figure  2 presents a 
photograph of the microtomograph Skyscan 1172 installed 
at CENPES.

This microtomograph has an X-ray tube with tungsten 
anode (W), 10 W maximum power, 20-100 kV voltage and 
0-250 µA current. For the detection of the X-rays, a 10 Mp 
(megapixel) CCD camera was used. The better spatial 
resolution obtained by this equipment is about 1 µm for 
samples with no more than 5 mm diameter and 80 mm high.

2.2.	 Analyzed samples

With the exception of a sample from the Tumblagooda 
formation, which was extracted from an outcrop at 
Kalbari National Park in Australia, and provided by 

CENPES/PETROBRAS, all the other rock samples were 
withdrawn from the Tibagi River Basin, in the State of 
Paraná, Brazil21.

Table 1 presents a summary of the rock samples utilized, 
as well as their group, formation and spatial resolution of 
the images. Such samples were selected to represent easily 
analyzable rocks (with wider pores and without clay) and 
rocks that are difficult to analyze (smaller pores and seldom 
with clay).

2.3.	 Representative elementary volume (REV)
As the reconstruction, visualization and characterization 

processes of 3-D images demand high computational 
capacity, which is very limited up to the present, this work 
aimed at verifying the REV to determine the porosity of 
such samples. The REV has to be big enough to contain 
the elements from the porous media to represent the 
characteristics of the sample, and as small as possible when 
compared with its total volume.

REV should be interpreted as a representative portion of 
the media so that, when selecting such a volume in different 
regions of the sample, the mean porosity value should not 
vary significantly. In addition, it was also accomplished 
the analysis of the REV for the pore size distribution of 
the samples.

Tests were conducted with several cubic subvolumes: 
250  µm, 400  µm, 500  µm, 600  µm, 750  µm, 900  µm, 
1000  µm, increasing in steps of 100  µm till reaching a 
2000 µm-side cube. This procedure was repeated in five 
different regions of the sample: upper left corner, upper 
right corner, lower left corner, lower right corner and center 
of the sample. Figure 3 presents transversal sections of the 
analyzed samples with the approximate location of the 
respective five subvolumes. Darker gray (or black) shades 
represent the porous phase and lighter gray shades represent 
the solid phase of the sample.

3.	 Results
After obtaining the subvolumes and using, for 

comparison purposes, the total porosity of each sample, 
determined by the analysis of all the 2-D images with 

Figure  2. Microtomograph Skyscan 1172, 20  –  100  kV X-ray 
source, 10 W maximum power.

Table 1. Main characteristics of the samples utilized.

Sample Group Formation
Spatial 

resolution 
(µm)

Dimensions of the 
sample (mm)a Description

107 São Bento Botucatu 2.9 5 × 5 × 15 Silicified sandstone

108 Passa Dois
Rio do  
Rastro

2.9 5 × 5 × 15 Siliceous sandstone

403 Passa Dois Teresina 3.9 7 × 7 × 13
Siliceous sandstone, very thin 

lamination, orangish gray

MC16 Guatá Rio Bonito 2.5 4 × 5 × 16 Siltstone 

PG6 Itararé
Rio do  

Sul
2.9 7 × 8 × 17

Yellow siltstone with engraved 
rounded pebbles

PG8 Paraná Furnas 5.0 7 × 9 × 20
Thick sandstone with low 

granulometric selection level and 
presence of muscovite

PG19 Paraná Furnas 5.0 5 × 5 × 22
Thick sandstone with low 
granulometric selection 

Tumblagooda Dirk Hartog Tumblagooda 2.9 6 × 6 × 15 Thick sandstone
aLength × width × height.
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maximum ROI (selected region of interest in the image), 
the individual porosity for each of the subvolumes was 
calculated and the results plotted as shown in Figures 4 to 11.

By analyzing the graph in Figure 4 as an example, if a 
400 µm-side cubic volume is chosen, the operator may select 
it in the lower right corner and obtain 11.8% porosity or, 
instead, he could choose the lower left corner, thus obtaining 
approximately 1% porosity. This means that both volumes 
would provide a very different porosity value compared to 
the mean value found for this sample (6.1%). In this case, 
the most appropriate would be to use a cubic volume equal 
or superior to 1200 µm-size, as any sample region would 
provide a porosity value close to the mean value.

In Figure  5, as well as in Figure  4, the smaller size 
subvolumes should not be used for quantitative analysis 

of the sample, because the 250 µm-size subvolume located 
at the lower right corner presents a 240% difference in 
relation to the whole sample mean porosity. In this case, the 
most appropriate would be to use a subvolume equal to or 
bigger than 900 µm-size, because with such dimensions the 
subvolumes in the several sample regions present relatively 
constant values, though not very close to the mean porosity.

The subvolumes presented in Figures  6,  7,  9,  10 
and 11  also showed that the smaller dimensions are not 
appropriate for analysis, as such subvolumes present 
great variability. However, dimensions bigger than or 
equal 1100 µm, 500 µm, 600 µm, 900 µm and 1200 µm, 
respectively, could be used for quantitative analyses of the 
porosity of the considered sample.

Figure 3. Approximate location of the five subvolumes created for the determination of REV in section 2-D of the samples.

Figure 4. Study of porosity stability with variation of cube length 1 in different regions of sample 107 (1 × l × l).
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Figure 5. Study of porosity stability with variation of cube length l in different regions of sample 108 (l × l × l).

Figure 6. Study of porosity stability with variation of cube length l in different regions of sample 403 (l × l × l).

Figure 7. Study of porosity stability with variation of cube length l in different regions of sample PG6 (l × l × l).

666 Materials Research



Determination of the Representative Elementary Volume for the Study  
of Sandstones and Siltstones by X-Ray Microtomography

Figure 8. Study of porosity stability with variation of cube length l in different regions of sample MC16 (l × l × l).

Figure 9. Study of porosity stability with variation of cube length l in different regions of sample PG19 (l × l × l).

Figure 10. Study of porosity stability with variation of cube length l in different regions of sample PG8 (l × l × l).
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Figure 11. Study of porosity stability with variation of cube length l in different regions of sample Tumbladooda (l × l × l).

The accentuated dispersion for the porosity results of the 
subvolumes found for siltstone MC16 (Figure 8) is due to the 
anisotropy of the sample. A fact that can be also observed in 
its 2-D image presented in Figure 3. For this sample it was 
not possible to create subvolumes up to 2000 µm because its 
2-D section was only 2500 × 2500 µm, which would cause 
the subvolumes to overlap.

After the analyses of the REV graphs, it was verified 
that, for most of the samples, porosity does not undergo 
much alteration for cubes with sides bigger than 1400 µm, 
presenting approximately constant values for each 
subvolume. However, it was also verified that what may 
cause subvolume porosity to vary is its location in the sample 
(upper right corner, lower right corner, ...) due to possible 
anisotropy of the sample. Careful analysis of REV plot and 
the respective image can reveal whether the microstructures 
of the tested sample has anisotropic properties. Nevertheless, 

this fact would not affect the reconstruction of an adequate 
3-D volume, as the results of the five subvolumes with 
dimensions superior to 1400 µm are relatively similar. The 
1400  µm-side value was considered to comprehend all 
the samples, though it is possible to observe in Figure 10 
(sample PG8) that the REV for this sample would be only 
900 µm.

The computer utilized (Intel  quad  core i7  processor, 
6  GB  RAM) to manipulate such images enables the 
reconstruction of 3-D volumes with maximum 2100 µm‑side. 
As this computer, at time this work was done, was currently 
one of the most modern PC, this indicates the limitation 
in the computational process for the three-dimensional 
reconstruction of petroleum reservoir rock porous volume.

Figure 12 presents the variability of the mean pore size 
distribution for the respective subvolumes in the central area 
of the sample. In this case only the graph of the sample PG8 

Figure 12. Mean pore size distribution for the subvolumes of the central area of the sample PG8.
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was presented, therefore, except for the sample MC16 which 
has great heterogeneities, all the other samples presented the 
same characteristics. In this figure it can be observed that 
the same subvolumes of REV used for the determination 
of the porosity is also applied, once the distribution for the 
subvolumes with dimensions of 1400 µm presents values 
approximately constant and very close to that of the total 
volume.

Table  2 shows a comparison of the porosity values 
for the 3-D volume dimensions 1400 × 1400 × 1400 µm, 
selected at random in the central region of the sample, with 
mean porosity determined for all the 2-D sections with total 
ROI. This table also shows that such values are in perfect 
accordance, which is mostly due to the Representative 
Elementary Volume (REV) analyses that determined the 
ideal volume for the 3-D images to be representative of the 
sample as a whole.

As an example of the reconstructed volumes according 
to the dimensions determined by the REV graph analysis, 

Figure 13 shows the 3-D reconstructed volume of sample 
PG8, in which yellow represents the pores and gray 
represents the solid phase of the sample.

4.	 Conclusions

The determination of a representative elementary 
volume is a way to better understand the microstructure 
of a given material, which is the first step to link the 
microstructure properties with its physical properties.

This study determined the Representative Elementary 
Volume (REV) of eight different reservoir rocks concerning 
to their porosity. A microtomograph Skyscan model 
1172 was employed for the samples scanning, with resulting 
spatial resolution ranging from 2.9 to 5.0 µm.

Apart from siltstone MC16, which displays very 
heterogeneous pore distribution, due to the existing 
lamination in the sample, all the other analysed samples 
presented results indicating that 1400 µm-side subvolumes 
have porosity that is representative of the sample total 
volume, which can be observed, in Table 2, in the excellent 
agreement between the porosity value determined by the 
2-D images and the 3-D volume obtained according to the 
dimensions determined by REV criteria. Such dimensions 
are easily reconstructed, visualized and analyzed. The 
1400 µm-side value was considered adequate for all samples, 
though it is possible to observe at Figures 4 to 11 that REV 
is different for each kind of sample and, for example, for 
the sample PG8 it would be only 900 µm.
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Figure 13. Reconstructed 3-D image of sample PG8 (1400 ×1400 × 1400 µm) - gray represents the solid phase and yellow the porous phase.

Table 2. Porosity (φ) calculated for 2-D and 3-D images of the 
analyzed samples.

Sample
φ 1  

Sections  
2-D (%)

φ 2

Image  
3-D (%)

107 6.1 ± 0.2 5.4 ± 0.2

108 4.2 ± 0.1 4.0 ± 0.1

403 9.3 ± 0.2 7.6 ± 0.2

MC16 7.0 ± 0.2 6.5 ± 0.2

PG6 12.0 ± 0.3 11.5 ± 0.2

PG8 13.0 ± 0.2 12.6 ± 0.2

PG19 4.9 ± 0.1 5.1 ± 0.1

Tumblagooda 15.3 ± 0.5 13.4 ± 0.4
1Total mean porosity with 95% confidence. 2Porosity for REV 
(1400 × 1400 × 1400 µm) with 95% confidence.
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