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Abstract

This work presents a method for rock porosity prediction from the X-ray computed tomography (CT) logs
obtained using a double energy approach, bulk density (RHOB) and photoelectric factor (PEF). The proposed
method seeks to correlate the known porosity from the Routine Core Analysis (RCAL) with RHOB and PEF
high-resolution logs, as the response of these two measurements depends on the volumetric quantity of different
rock materials and of the volume of its porous space. Artificial Neural Networks (ANNs) are trained so they
can predict porosity from CT logs at a high resolution (0.625 mm). The ANNSs validation and regression plots
show that porosity predictions are good. High-resolution porosity models linked to CT images could contribute
to enhancing the petrophysics model as they allow a more refined identification of intervals of interest due to
the detailed measurement.
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Prediccion de la porosidad a partir de registros de tomografia computarizada de
rayos X (RHOB y PEF) usando Redes Neuronales Artificiales (ANN)

Resumen

Este trabajo presenta un método para la prediccion de la porosidad de la roca, a partir de los registros de
tomografia computarizada de rayos X (CT) obtenidos mediante un enfoque de doble energia, especificamente,
densidad aparente (RHOB) y factor fotoeléctrico (PEF). El método propuesto busca correlacionar la porosidad
conocida de los Analisis basicos (RCAL) con los registros de alta resolucion RHOB y PEF, ya que la respuesta
de estas dos mediciones depende de la cantidad volumétrica de diferentes materiales de roca y del volumen de
su espacio poroso. Redes Neuronales Artificiales (ANN) son entrenadas para que puedan predecir la porosidad
a partir de estos registros CT a una alta resolucion (0,625 mm). Los graficos de validacion y regresion de las
ANN muestran que las predicciones de porosidad son buenas. Los modelos de porosidad de alta resolucion
vinculados a imagenes de CT podrian contribuir a mejorar el modelo de petrofisica del pozo, ya que permiten
una identificacion mas refinada de los intervalos de interés debido a su medicion detallada.
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Introduction

X-ray computed tomography (CT) applied to rock
samples is a very useful tool due to its ability to inspect
the internal structure of the rock in a non-intrusive way,
this allows verifying the status of the drilling cores
inside their aluminum barrel and to obtain a digital
reconstruction of the initial state of the rocks that will be
conserved in time (Withjack et al., 2003).

Currently, tomography images are normally obtained
within the rock sample characterization workflow (Akin
and Kovscek, 2003), and they are used to facilitate and
improve operational processes such as the geological
description or the extraction of plug-type rock samples
(17 or 1.5” diameter) from the full diameter cores.
Additionally, as this type of tomography is based on
determining the attenuation that matter produces on the
X-rays that pass through it, the phenomena involved
can be used to estimate different properties of the rock
(Kantzas et al., 1992).

The X-rays attenuation is related to two material
properties, its density, and its effective atomic number,
as this phenomenon occurs because of two different
effects, the Compton effect related to bulk density, and
the photoelectric effect related to the effective atomic
number. As these two effects have a non-linear response
to the X-rays energy level, scanning the rocks at two
different energy levels gives enough information to
determine both, bulk density and effective atomic number
(it can be converted to a photoelectric factor PEF). The
method and calculations used for this estimation are
presented elsewhere (Siddiqui and Khamees, 2004;
Ortiz-Meneses et al., 2015).

Many other authors have made efforts to integrate these
measurements within the reservoir characterization and
to get the most out of them (Calzado and Geleijns, 2010;
Funk et al,, 2011). It is important to consider that the
measurements made with CT generate high-resolution
logs (0.002 ft approx.), with a much more detailed scale
than the well logs (0.5 ft approx.); On the other hand,
tools to obtain well logs perform an average reading
of everything that is found near the wellbore, while
in the tomography logs, as their interpretation is done
by choosing a region of interest (ROI) over the rock,
the measurements are effectively made on this ROI
(avoiding fractures, cracks, unwanted materials, etc.)
and therefore, they may differ from those obtained in the
well.
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Several approaches have been proposed for porosity
determination using tomography, Akin et al (2000)
estimated porosity by means of a dual scan (not dual-
energy) in the same location using different known fluid
saturation of the porous medium. Akin et al. (1996)
proposed a method that uses a dual scan at two different
energy levels. These and other methods that use dual
or simple scanning are described by Akin and Kovscek
(2003). However, these approaches do not apply to full-
diameter drilling cores as those considered in this paper.
Similarly, Larmagnat et al. (2019) proposed an improved
method to generate 3D porosity maps using CT images
of core samples at different states (dry and saturated
state) for heterogeneous sedimentary rocks.

On the other hand, ANNs have been used for rock
property predictions based on well logs. Konaté
et al. (2015) designed ANNs to predict porosity in
continental crystalline rocks from four logs (density,
neutron porosity, sonic and resistivity), they found that
ANNSs provide better performances with sets of three
geophysical well logs (density, sonic and resistivity)
than a regression technique. Singh et al. (2016) created
back-propagation artificial neural network (BP-ANN)
to estimate the reliable porosity values from the well
log data taken from Kansas gas field, they used as input
sonic, density and resistivity log data; they found that
porosity generated by their ANNs has a high degree of
the correlation with the one generated from combined
density and neutron data.

Sun et al. (2001) used ANN inversion to populate the
porosity of a reservoir model for a producing zone in
Bermejo Field. Al-Bulushi ef al. (2007) developed a
methodology based on ANNS to predict water saturation
using wire-line logs and Dean-Stark core data. Finally,
White et al. (1995) developed successfully several ANNs
for zone identification in a heterogeneous formation from
geophysical logs (Gamma Ray, Deep Induction and Bulk
Density), and core description and analysis.

This work presents a new approach based on Artificial
Neural Networks (ANNs) for porosity prediction from
RHOB and PEF data estimated by CT. ANNS are trained
using porosity data from laboratory measurements.
As CT logs have a high resolution, up to 0.625 mm, a
high-resolution porosity model could be made, so more
detailed information about porosity would be obtained
and the porosity estimation would be improved as no
fracture or void space is taking account on CT analysis.
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Theoretical framework

Bulk density (RHOB) and photoelectric factor (PEF)
estimations in the rock are made by using a dual-
energy approach, where the rock sample is scanned
at two energy levels, one high (greater than 100
kV), and other low (less than or equal to 100 kV), in
addition, materials of known properties are scanned
with it, this allows identifying in each slice (image),
the relationship between the X-ray attenuation (CT
numbers) in both images and the known RHOB and
PEF. Subsequently, the results are calibrated using
rock samples with known properties and necessary
shifts on the calculated properties are made, this
ensures the accuracy of the estimated values. A more
detailed description of the methodology is presented
elsewhere (Ortiz-Meneses et al., 2015).

Importantly, this estimation is made by taking CT
numbers from the rock images on specific areas
called Regions of Interest (ROI), thus preventing
measurements of sections that could deflect the
calculation, such as fractures or void spaces. According
to this, it can be expected that the logs taken in the
well do not match exactly those interpreted from CT
images. Correspondingly, it can be inferred that these
CT logs will present not only a high resolution but
a high accuracy. The method used in this work has
been shown to estimate the RHOB of the rock with
a relative error of less than 3%. On the other hand,
linking images of the inside of the rock to logs allows
the interpreter to check where the measures were
taken and improve the calculation in case that it was
necessary.

As mentioned, porosity is predicted from RHOB and
PEF. Note that even when PEF is not directly affected by
porosity, it is a function of lithology which is related to
grain density, thus it is involved in the relation between
porosity and bulk density (RHOB). Including PEF in
the prediction allows defining changes in the relation
between RHOB and porosity when lithology changes.

Proposed methodology for porosity prediction

In this study, data from drilling cores from a Colombian
oilfield isused, over 100 ft of rock were scanned at 0.625
mm interslice resolution (vertical resolution of 0.002
ft) using a CT medical scanner, RHOB and PEF data
were estimated for every image using the methodology
mentioned above to obtain high resolution-logs. 62
samples were taken from different depths to RCAL,
Boyle helium porosity, air permeability, and Dean-
Stark saturation data were obtained for all of them.

A Matlab script is developed to identifying RHOB
and PEF values for every sample from the high-
resolution logs. Subsequently, another script is made
for generating and training feedforward ANNs using
the known data and the Matlab training tools. This
script allows the user to select topology for creating
and training new ANNs, in each case, it shows
regression plots of predicted data versus real data so
the user can evaluate performance of the ANN. The
created nets use hyperbolic tangent sigmoid transfer
functions ant they are trained using Levenberg-
Marquardt backpropagation, detailed information
about parameters used in training is shown in Table 1.

Table 1. ANNs Training Parameters.

Maximum number of epochs to train

Maximum validation failures
Minimum performance gradient
Initial mu

mu decrease factor

mu increase factor

Maximum mu

1000

6
1.00*107
0.001

0.1

10
1.00*10'"

Different scenarios and ANN topologies are studied to
evaluate the quality of the result. In the first scenario, a
single-layer ten neurons ANN (ANN 1) is trained using
all the available data. Figure 1 shows the regression
plots for predicted porosity vs real porosity when
using training, validation, and test data and all data.
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As it can be seen results obtained are good as slopes
and R squared coefficients are close enough to 1 in all
cases and intercepts tend to 0, but it is important to
note that, as training data is selected randomly, results
may change on every application, a quick inspection is
made running the training algorithm a couple of times
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more, results are shown in Table 2, note that quality of  enough to 1 and they change strongly over different
the results obtained using this topology are acceptable,  runs.
as R squared values are greater than 0.5, but no close

Figure 1. Regression Plots for Artificial Neural Network 1 — 10 neurons 1 hidden layer.

Table 2. Artificial Neural Network 1 regression parameters for three different runs.

Run  Neu. E:;g?; Training Validation Test All
# # # R? Slope  Interc. R? Slope  Interc. R? Slope  Interc. R? Slope  Interc.
1 10 1 0.951 0.95  0.0021 0.649 0.55 0.0320 0.795 0.92 0.012 0.898 0.92  0.0069
2 10 1 0.929 0.89  0.0039 0.797 0.70  0.0220 0.895 0.73 0.019 0.887 0.83 0.0091
3 10 1 0.956 0.96  0.0018 0.655 0.67  0.0140 0.636 1.10 0.007 0.919 0.95 0.0021
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Over 20 runs are made increasing the neurons amount  Finally, it is found that an ANN topology of 3 hidden
(5 neurons steps) while searching the best topology for  layers with 10 neurons each layer is appropriated
this problem, one-layer ANNs with a higher number of  for this case, the regression values obtained in three
neurons (up to 50) are tried, it is found that even when  different runs for this topology are shown in Table 3,
regression values are good in general, overfit problems  while regression plots for the last run are shown in
appear as some predicted porosities are less than zero.  Figure 2.

Table 3. Artificial Neural Network 2 regression parameters for three different runs.

Run  Neu. IE:;‘:_ISI Training Validation Test All
# # # R? Slope  Interc. R? Slope  Interc. R? Slope Interc. R? Slope  Interc.
1 10 3 0.923 0.92 0.0041 0.941 0.96  0.0039 0.878 1.1 0.012 0.912 0.95 0.0016
2 10 3 0.922 0.88 0.0045 0.904 0.81 0.0013 0.898 0.93 0.002 0.921 0.88 0.0045
3 10 3 0.817 0.95 0.0086 0.990 1.00  0.0043 0.838 0.90 0.014 0.870 0.96 0.0085

Figure 2. Regression Plots for ANN 2 — 10 neurons 3 hidden layers.
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The obtained regression plots show that good
correlation exists between porosity and CT logs so,
it could be possible to obtain a predicted porosity log
from the use of the appropriated ANN, as it can be seen
in Figure 2, where predicted values on validation and
test plots are close enough from the real ones.

The proposed algorithm is improved so the user can
run the ANN training several times (changing topology

if necessary) while checking quality in every case.
When a good performance ANN is found, the user can
save its configuration and apply it to predict porosity
over the whole well. Later, the algorithm generates a
report where shows predicted porosity logs linked to
CT logs (RHOB and PEF) and CT images, as shown in
Figure 3, where it can be seen a good match between
predicted and real data and consistent results with CT
images.

Figure 3. Predicted porosity log compared with real porosity data linked to a CT image of a 3 feet long core section.
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Artificial neural network application

Porosity prediction is made for every core section of
the well, using three hidden layers and ten neurons
ANN that showed a good performance on regression
plots (the third one showed in Table 2). Porosity plots
are obtained for every core section and in all of them
predicted values are close to the real ones and show
a good concordance with CT images. Figure 3 shows

prediction on 3 feet core section composed mainly
of Sublitharenites, note that predicted values (green
line) match properly the known values (red circles).
In CT images lighter colors correspond to high x-ray
attenuation materials, this means high RHOB, high
PEF, or a combination of both. In this figure, high PEF
occurs due to the presence of siderite (according to the
core description).

Figure 4. Comparison of predicted porosity logs with real porosity data linked to CT images for four three-feet core sections.

Boletin de Geologia - Vol. 42 Num. 3
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Figure 4 shows more examples where predicted values
have consistent behavior and match properly the
known values, upper left example (Figure 4) shows
Sublitharenites with limestone cement, upper right
example shows Sublitharenites, lower left example
shows fine-grained sandstone with siderite laminations
that increase PEF and lower right example shows
mudstones and very fine-grained sandstone, in this
case, white sections on CT image correspond to
siderite. Note that known porosity values decrease
when RHOB or PEF increases (when X-ray attenuation
increases), predicted values show the same behavior.

Discussion

As shown in Figure 3 and Figure 4, predicted porosity
logs have a good match with laboratory measurement
porosities. On the other hand, higher values of RHOB
or PEF generate lower porosity, which is expected
according to the theoretical knowledge where higher
bulk density values mean less porous space when grain
density is constant. Note that porosity is affected by PEF
even when RHOB keeps constant, this is theoretical
consistent as PEF changes indicate lithology changes
and therefore, variations on grain density. If grain
density changes, porosity has to change in order to
keep RHOB constant according to Equation 1.

RHOB =pg+ (1 — ) + prd ()

Where, P, is grain density, P, is fluid density and ¢ is
porosity.

The good agreement between the predicted and the
measured data is a sign that the response of these two
logs provides enough information to find an acceptable
prediction. However, it is important to note that, if one
wishes to include the effect of fluid saturation on the
relationship between the CT logs and porosity, neutron
or resistive logs must be included in the ANN training
and prediction, which is a challenge considering the
difference of scales.

Conclusions

The values of the regression plots obtained from ANNs
training show that there is a relationship between CT
logs and porosity, good enough to use these ANNs to
obtain high-resolution porosity logs for the entire well,
linked to the CT images of the core.
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A Matlab algorithm was implemented which facilitates
the generation, training, and use of these ANNS,
allowing the user to test different topologies and
evaluate the quality obtained. The algorithm also
generates automatic reports where predicted porosity
logs are linked to the CT images of every core section.
It is found that, in this case, a topology of three hidden
layers with ten neurons in each one gives good results.

In the studied well it was found that porosity decrees
when RHOB or PEF values increase. When RHOB
is constant, changes on porosity could be related to
changes on grain density and therefore changes on
lithology, affecting PEF values, this behavior was
observed for this well.

When comparing predicted porosities with the
measured ones, it is found that the performance
of the ANN generated was mainly good. High-
resolution porosity models were obtained for the cores
which can contribute to improve their petrophysical
characterization and to identify new intervals of
interest.

Acknowledgments

The authors would like to thank the Research Group
on X-ray Tomography for Reservoir Characterization
(GIT), the research project “Técnicas Avazandas
de Imagenes RC 513-2013”, Minciencias and
ECOPETROL S.A. for the support provided.

References

Akin, S.; Demiral, B.; Okandan, E. (1996). A novel
method of porosity measurement utilizing
computerized tomography. In-situ, 20(4), 347-
365.

Akin, S.; Schembre, J.; Bhat, S.; Kovscek, A. (2000).
Spontaneous  imbibition  characteristics  of
diatomite. Journal of Petroleum Science and
Engineering, 25(3-4), 149-165. https://doi.
org/10.1016/50920-4105(00)00010-3

Akin, S.; Kovscek, A. (2003). Computed tomography
in petroleum engineering research. Geological
Society, London, Special Publications, 215,23-38.
https://doi.org/10.1144/GSL.SP.2003.215.01.03

Boletin de Geologia - Vol. 42 Num. 3


https://doi.org/10.1016/S0920-4105(00)00010-3
https://doi.org/10.1016/S0920-4105(00)00010-3
https://doi.org/10.1144/GSL.SP.2003.215.01.03

Andrés Felipe Ortiz; Edwar Hernando Herrera; Nicolds Santos

Al-Bulushi, N.; Araujo, M.; Kraaijveld, M.; Jing,
X. (2007). Predicting water saturation using
Artificial Neural Networks (ANNSs). /st Annual
SPWLA Middle East Regional Symposium, Abu
Dhabi, United Arab Emirates.

Calzado, A.; Geleijns, J. (2010). Tomografia
computarizada. Evolucién, principios técnicos
y aplicaciones. Revista de Fisica Médica, 11(3),
163-180.

Funk, J.J.; Withjack, E.M.; Siddiqui, S.; Al-Enezi,
S.M.; Caliskan, S. (2011). Core imaging -
twenty five years of equipment, techniques, and
applications of X-ray computed tomography (CT)
for core analysis. International Symposium of the
Society of Core Analysts. Austin, Texas, USA.

Kantzas, A.; Marentette, D.; Jhan, K.N.N. (1992).
Computer-assited tomography: from qualitative
visualization to quantitative core analysis. Journal
of Canadian Petroleoum Technology, 31(9), 48-
56. https://doi.org/10.2118/92-09-06

Konaté, A.A.; Pan, H.; Khan, N.; Ziggah, Y.Y. (2015).
Prediction of porosity in crystalline rocks using
artificial neural networks: an example from the
Chinese Continental Scientific Drilling Main
hole. Studia Geophysica et Geodaetica, 59(1),
113-136. https://doi.org/10.1007/s11200-013-
0993-5

Larmagnat, S.; Des Roches, M.; Daigle, L.F;
Francus, P.; Lavoie, D.; Raymond, J.; Malo,
M.; Aubiés-Trouilh, A. (2019). Continuous
porosity characterization: Metric-scale intervals
in heterogenecous sedimentary rocks using
medical CT-scanner. Marine and Petroleum
Geology, 109, 361-380. https://doi.org/10.1016/j.
marpetgeo.2019.04.039

Ortiz-Meneses, A F.; Plata-Chaves, ].M.; Herrera-Otero,
E.; Santos-Santos, N. (2015). Caracterizacion

Boletin de Geologia - Vol. 42 Num. 3

estatica de rocas por medio de tomografia
computarizada de rayos-X TAC. Revista Fuentes:
El Reventon Energético, 13(1), 57-63. https://doi.
org/10.18273/revfue.v13n1-2015005

Siddiqui, S.; Khamees, A. (2004). Dual-energy CT-
scanning applications in rock characterization.
SPE  Annual  Technical Conference and
Exhibition. Houston, Texas, USA. https://doi.
org/10.2118/90520-MS

Singh, S.; Kanli, A.; Sevgen, S. (2016). A general
approach for porosity estimation using artificial
neural network method: a case study from Kansas
gas field. Studia Geophysica et Geodaetica,
60(1), 130-140. https://doi.org/10.1007/s11200-
015-0820-2

Sun, Q.; Eissa, M.; Castagna, J.; Cersosimo, D.; Sun, S.;
Decker, C. (2001). Porosity from artificial neural
network inversion for Bermejo Field, Ecuador.
SEG Int’l Exposition and Annual Meeting. San
Antonio, Texas, USA.

White, A.C.; Molnar, D.; Aminian, K.; Mohaghegh,
S.; Ameri, S.; Esposito, P. (1995). The application
of ANN for zone identification in a complex
reservoir. SPE Eastern Regional Conference &
Exhibition. Morgantown, West Virginia, U.S.A.

Withjack, E.M.; Devier, C.; Michael, G. (2003). The
role of x-ray computed tomography in core
analysis. SPE Western Regional/AAPG Pacific
Section Joint Meeting. Long Beach, California,
USA.

Trabajo recibido: febrero 26 de 2020
Trabajo aceptado: agosto 28 de 2020

149


https://doi.org/10.2118/92-09-06
https://doi.org/10.1007/s11200-013-0993-5
https://doi.org/10.1007/s11200-013-0993-5
https://doi.org/10.1016/j.marpetgeo.2019.04.039
https://doi.org/10.1016/j.marpetgeo.2019.04.039
https://doi.org/10.18273/revfue.v13n1-2015005
https://doi.org/10.18273/revfue.v13n1-2015005
https://doi.org/10.2118/90520-MS
https://doi.org/10.2118/90520-MS
https://doi.org/10.1007/s11200-015-0820-2
https://doi.org/10.1007/s11200-015-0820-2

	_heading=h.gjdgxs
	_heading=h.1fob9te
	_heading=h.3znysh7
	_heading=h.2et92p0
	_heading=h.tyjcwt
	_heading=h.3dy6vkm
	_heading=h.1t3h5sf
	_Hlk45210890
	_GoBack
	_Hlk47540163
	_Hlk40618683
	_Hlk40615453
	OLE_LINK1
	_Hlk45319192
	_Hlk40619189
	_Hlk45319210
	_Hlk48054463
	_Hlk45319218
	_Hlk40614803
	_Hlk40623701
	_Hlk40624598
	_Hlk40620031
	_Hlk40620112
	_Hlk40619701
	_Hlk40620693
	_Hlk40622152
	_Hlk40619961
	_Hlk40620194
	_Hlk40623433
	_GoBack
	_GoBack
	_Hlk45568723
	_Hlk7164665
	_Hlk531118553
	_Hlk34061831
	_Hlk7259538
	_Hlk46247918
	_Hlk46234348
	_Hlk45105542
	_GoBack
	_GoBack
	_Ref16756392
	_Ref16757912
	_Ref18999407
	Marcador 57
	_Hlk18875703
	_GoBack
	_Hlk41228756
	_Hlk41302425
	_Hlk41227560
	_Hlk36149753
	_Hlk45020619
	_Hlk36888326
	_Hlk41212866
	_Hlk47177126
	_Hlk47177132
	_Hlk47023971
	_Hlk36146760
	_Hlk38657707
	_Hlk47428608
	_Hlk38613921
	_Hlk41212727
	_Hlk41213151
	_Hlk44079769
	_Hlk38654799
	_Hlk44079236
	_Hlk38810523
	_Ref535400608
	_Ref44336117
	_Ref48223621
	_Ref35970676
	_Ref35970721
	_Ref536514266
	_Ref35970781
	_Ref38385204
	_Ref38385789
	_Ref38385818
	_Ref536515224
	_Ref37734122
	_Ref48252940
	_GoBack
	_Hlk498612503
	_GoBack
	_Hlk527723911
	_GoBack
	_Hlk48044750
	_Hlk48045952
	_Hlk48040923
	_Hlk48051171
	_Hlk48050503
	_Hlk526711658
	_Hlk524939286
	_Hlk524946887
	_Hlk524990435
	_GoBack
	_GoBack
	_GoBack

