
 

 

 

 

 

 

 

 

 

 

An integrated approach based on coreflooding and digital 

rock physics techniques to rock porosity and permeability 

characterization 

 

 

André Baltazar Pinto 

 

Thesis to obtain a Master of Science Degree in 

Petroleum Engineering 

Thesis Supervisors:  

Professor Gustavo André Paneiro 

Professor António Manuel Alvares Serrão Maurício  

 

Examination Committee 

Chaiperson: Professor Leonardo Azevedo Guerra Raposo Pereira 

Supervisor: Professor Gustavo André Paneiro 

Members of the Comittee: Professor Manuel Francisco Costa Pereira 

 

 

 

May 2019





  

i 

 

Declaration 

I declare that this thesis, is an original work of my own and that it fulfils with all requisites of the Code of 

Conduct and Good Practices of the University of Lisbon.



            

            

            

            

            

            

            

            

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Stone Age did not end because the world ran out of stones 

Ahmed Zaki Yamani 

Minister Of Oil, Saudi Arabia 

 

  



  

iii 

 

 

ACKNOWLEDGMENTS         

 

First and foremost, I would like to thank the Instituto Superior Técnico, especially for the professors, 

MSc and Ph.D. students belonging to MSc in Petroleum Engineering. Is an honor to be part of such a 

great institution.  

My special thanks go to my supervisors, Professor Gustavo Paneiro and Professor António Maurício, 

who have always made time to help, guidance, and support. I am deeply grateful to them for the 

enthusiasm for my topic, monitored my progress, and offered advice and encouragement throughout, 

was essential in helping me to complete this project.  

 I want to express my gratitude to Professor Manuel Francisco Pereira, who provided an outstanding 

help with the photographs for the elaboration of this thesis, as well for the completion of the tomographic 

and the x-diffractometer experiments. 

Thanks to the staff of GEOLAB/LAMPIST for their contributions to the research, namely Mr. Fernandes. 

I want to express my gratitude to the Ph.D. Student Hugo Pinto and Mu Talipu, who helped me 

throughout the laboratory studies.  

I am thankful to Mr. Gwenwole Tallec for providing the PerGeos trial software. In the same way thanks 

to Mr. Fredrik Vihelmsen for supplying the trial license to use the Sendra software. 

I think it is essential that I thank my long term friend and companion, José Fernandes, who has always 

encouraged me to study, as well made his time to help and support me during all these student years. I 

wish to thank my roommate and friends from my residence, Rodrigo Cabral, Carolina Oliveira and Carina 

Costa for listening, offering me advice and for all the good moments shared during this year, that made 

this difficult journey more pleasant.  I welcome this opportunity give my warmest thanks go to my family, 

who has been an unstinting source of support, I will always be indebted to you.  

  



TABLE OF CONTENTS 

 

Acknowledgments .............................................................................................................................. iii 

TABLE OF CONTENTS ..................................................................................................................... iv 

LIST OF FIGURES ........................................................................................................................... vii 

LIST OF TABLES................................................................................................................................ x 

LIST OF ACRONYMS ........................................................................................................................ xi 

SYMBOLOGY ................................................................................................................................... xii 

STANDARDS.................................................................................................................................... xii 

UNITS SYSTEMS CONVERSION ..................................................................................................... xii 

Abstract ..............................................................................................................................................1 

Resumo ..............................................................................................................................................2 

Introduction .........................................................................................................................................3 

Motivation ...........................................................................................................................................4 

Objectives ...........................................................................................................................................4 

Structure of the thesis .........................................................................................................................4 

Theoretical Framework .......................................................................................................................5 

1.1 Rock and Fluid Flow Properties ...............................................................................................5 

1.2 Forces acting on reservoir fluid flow .........................................................................................5 

1.2.1. Capillary Forces .................................................................................................................5 

1.2.2. Viscous Forces ...................................................................................................................8 

1.2.3. Gravity forces .....................................................................................................................8 

1.2.4. Wettability ..........................................................................................................................9 

1.2.5. Interfacial Tension ............................................................................................................ 10 

1.3. Rock Porosity and Permeability ............................................................................................. 11 

1.3.1. Permeability ..................................................................................................................... 15 

1.3.2. Relative Permeability ........................................................................................................ 16 

1.3.3.Representative elementary volume .................................................................................... 18 

2. Core characterization .................................................................................................................... 19 

2.1 Coring, Core Handling, and Core Processing ......................................................................... 20 

2.1.1.Core Representativeness .................................................................................................. 21 

2.1.2. Rock Quality Index ........................................................................................................... 21 

2.1.3. Recovery method ............................................................................................................. 22 

2.1.4. Disturbance Index ............................................................................................................ 22 



  

v 

 

2.1.5. Acoustic speed ................................................................................................................. 22 

2.2 Routine core study and Special core study ............................................................................ 23 

2.2.1. Reservoir stress and temperature estimation .................................................................... 23 

3. Digital rock physics ....................................................................................................................... 25 

3.1 Imaging techniques ............................................................................................................... 25 

3.1.1 Transmission x-ray microtomography ............................................................................. 25 

3.1.2 Focused Ion Beams ....................................................................................................... 27 

3.1.3 Statistical reconstruction ................................................................................................ 27 

3.2 Conversion from raw images to model ................................................................................... 28 

3.2.1 Segmentation ................................................................................................................ 28 

3.2.2 Multipoint statistics ......................................................................................................... 29 

3.3 Pore Network Generation ...................................................................................................... 30 

3.3.1 Maximal ball method ...................................................................................................... 31 

3.3.2 Medial axis..................................................................................................................... 32 

3.4 Fluid flow through the pore model .......................................................................................... 32 

3.4.1 Direct modelling ............................................................................................................. 32 

3.4.2 Network modelling ......................................................................................................... 33 

4. Materials under study: geological setting, petrographic and mineralogical characterization ............ 35 

4.1. Oolitic limestone geological setting ................................................................................. 35 

4.2. Calcarenite limestone geological setting ......................................................................... 37 

4.3. Mineralogical composition .............................................................................................. 39 

5. Experimental protocol and methodology ........................................................................................ 43 

5.1. Material.......................................................................................................................... 44 

5.1.1. Core drill .................................................................................................................... 45 

5.1.2. Core plugs ................................................................................................................. 45 

5.1.3. Core holder ................................................................................................................ 46 

5.1.4. Digital Caliper ............................................................................................................ 46 

5.1.5. Pharmacia p-500 ........................................................................................................ 46 

5.1.2. Sendra Software ........................................................................................................ 47 

5.2. Characterization techniques ........................................................................................... 47 

5.2.1. Experimental Technique Corefloding Development .................................................... 48 



5.2.2. Liquid Saturation Method ........................................................................................... 48 

5.2.3. Waterflooding ............................................................................................................. 49 

5.3. Experimental Technique Microtomography Development ............................................... 51 

5.3.1. Segmentation ............................................................................................................. 54 

5.3.2. Porosity and Pore Network Model .............................................................................. 56 

5.3.3. Absolute Permeability Simulation ............................................................................... 57 

5.3.3.1. Absolute Permeability Experiment Simulation Module ................................................ 58 

5.3.3.2. AbsolutePermeability Tensor Calculator ..................................................................... 59 

5.4. Rock Framework After Coreflooding ............................................................................... 60 

6. Results.......................................................................................................................................... 63 

6.1. Porosity determination ................................................................................................................ 63 

6.1.1. Liquid saturation method .................................................................................................. 63 

6.1.2. DRP Porosity determination and pore network modelling .................................................. 63 

6.2. Permeability Determination......................................................................................................... 70 

6.2.1. Waterflooding permeability experiment ............................................................................. 70 

6.2.2. DRP Permeability simulation ............................................................................................ 72 

6.3. Relative Permeability .................................................................................................................. 75 

7. Conclusions and Future Work ....................................................................................................... 79 

Appendix A ....................................................................................................................................... 81 

Appendix B ....................................................................................................................................... 82 

Appendix C ....................................................................................................................................... 83 

Appendix D ....................................................................................................................................... 85 

Appendix E ....................................................................................................................................... 86 

References ....................................................................................................................................... 89 

 

 

 

 

 

  



  

vii 

 

LIST OF FIGURES 

Figure - 1: Schematic representation of pore body geometry and pore throat from (H.Xuetao 2017) ....6 

Figure - 2: Schematic representation of the interface geometry caused by the forces that must be done 

to distort the globule and squeeze it through the pore throats. (Allen and Allen, 2013) .........................7 

Figure - 3:  Natural spatial distributions of the oil, water and gas, from (H.Xuetao, 2017) .....................9 

Figure - 4: Water-wet , <90° (a) ; Intermediate-wet =90° (b ); Oil-wet >90 ° (c) ,from H.Xuetao 2017 .. 10 

Figure - 5: Schematic illustration of IFT between two immiscible fluids from H.Xuetao ., 2017; ........... 11 

Figure - 6: Schematic illustration regarding several types of pores (Dandekar, 2006), 3D representation 

of the total volume and only the void space from (Graton e Fraser, 1935) .......................................... 12 

Figure - 7: Textural classification of carbonate rocks (modified from Dunham, 1962). ........................ 13 

Figure - 8: Types of porosity following the fabric-selective nomenclature: A  - Classification of carbonate 

porosity fabric selective, based on Choquette and Pray (1970) B - Classification based on diagenetic 

properties (based on Lucia, 1983) ..................................................................................................... 15 

Figure - 9: Relative permeability and saturation values with physics concepts (Dandekar, 2006) ....... 17 

Figure - 10: A - REV concept for one variable  ; B- REV concept for several variables adapted from 

(Bear,1972) ....................................................................................................................................... 18 

Figure - 11: Schematic representation of the usefulness of core characterization (Xuetao, 2017) ....... 19 

Figure - 12: Schematic representation of reservoir in-situ tensions. Adapted from (Mcphee 2015) ..... 23 

Figure - 13: Schematic representation  of typical digital rock workflow from Berg (2018) .................... 25 

Figure - 14: Schematic representation of a typical tomography setup from Wildenschild ( 2013) ........ 27 

Figure - 15: Schematic representation of the segmentation process. Adapted from ( Iassonov., 2009)

 ......................................................................................................................................................... 29 

Figure - 16: Betti numbers (a) single sphere (b) two disjoint spheres; (c) torus) (d) double torus (e) cubic 

frame; from Wildenshild (2012) ......................................................................................................... 30 

Figure - 17: Pore modeling of a Fontainebleau sandstone porosity a) , maximal balls in the pore space 

from (b) (Silin and Patzek, 2006) ....................................................................................................... 31 

Figure - 18: Segmented image of sandstone (a), Network extracted using medial axis algorithm (b) 

(Sheppard et al. 2005) ...................................................................................................................... 32 

Figure - 19: Geographical location of the study. Geological map at scale 1:1000 000 and 1:50 000 

(Ferreira et al., 2016) ........................................................................................................................ 35 

Figure - 20: A - Illustration of the oolith population B- Differentiation between matrix and ooliths C- 

Original matrix aspect before the use of HCl D- Illustration of the oolith concentric layering ............... 36 

Figure - 21: South Spain geological map from (Gómez e Medina, 2002) ............................................ 37 

Figure - 22: Macroscopic view of the calcarenite ............................................................................... 38 

Figure - 23: Insoluble residue derived from the calcarenite rock (mainly quartz particles) ................... 39 

Figure - 24: Calcarenite diffractometry ............................................................................................... 40 

Figure - 25: Calcarenite residue fines diffractometry .......................................................................... 41 

Figure - 26:Oolitic carbonate diffractometry ....................................................................................... 41 

Figure - 27: Flow Chart illustrating the methodology used for this thesis ............................................ 44 

file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833161
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833162
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833162
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833163
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833164
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833165
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833166
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833166
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833167
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833168
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833168
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833168
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833169
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833170
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833170
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833171
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833172
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833173
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833174
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833175
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833175
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833176
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833176
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833177
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833177
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833178
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833178
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833179
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833179
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833180
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833180
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833181
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833182
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833183
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833184
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833185
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833186
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833187


Figure - 28: A - Core drill used B - Ilustrates the block where the rock was extracted with the courtesy 

of LabGEO ........................................................................................................................................ 45 

Figure - 29: Illustrates  the calcarenite cores used for this study ........................................................ 45 

Figure - 30: Schematic representation of the Core Holder used for this study .................................... 46 

Figure - 31: Core Holders used for this study ..................................................................................... 49 

Figure - 32: Illustration of the laboratory scheme used for this study. Source: The author .................. 50 

Figure - 33: Skyscan 1172 equipment used for CT scanning ............................................................. 51 

Figure - 34: Illustration representing the acquisition of the carbonate specimens Source: The author . 52 

Figure - 35: Typical sample used for CT-Scan analysis ..................................................................... 52 

Figure - 36: A: Absolute permeability experiment simulation illustration B: Simulation in Calcarenite rock 

plug in native state where the high values correspond to the hot colors and the cold colors to the lowest 

values of velocity of flow Source PerGeos ......................................................................................... 59 

Figure - 37: Visible alteration in rock framework after corefloding experiment .................................... 61 

Figure - 38: Rendered Ct-scan image. Oolitic carbonate .................................................................... 64 

Figure - 39: A - ROI Box selected- B- Segmentation threshold C- Oolitic Computed total Porosity. The 

scale bar: 400 µm ............................................................................................................................. 64 

Figure - 40: A – Oolitic Grain Matrix of ROI B- Oolitic PNM of the ROI. Scale bar : 400 µm ................ 65 

Figure - 41:  Histogram of the oolitic pore radius B- Histogram of the oolitic Throat length.................. 65 

Figure - 42: Geometric transform applied to the calcarenite sample pass from 1992 x 1824 x 1777 to 

1088x 1196x1339. Source: PerGeos and ct-scanned images. The black scale is 1000 µm ................ 66 

Figure - 43: Rendered Ct calcarenite ................................................................................................. 66 

Figure - 44: A- Pore Space framework from the calcarenite rock , B- Pores space framework from the 

calcarenite rock, in blue the effective porosity at yellow the isolated porosity. Source: PerGeos. Scale 

bar : 3000µm .................................................................................................................................... 67 

Figure - 45: A Histogram of the calcarenite Pore Radius B - Histogram of the calcarenite throat length

 ......................................................................................................................................................... 67 

Figure - 46: A - Illustrates the Grain matrix and the Pore network of the calcarenite rock. B - Illustrate 

the PNM of the of the calcarenite rock. Scale : 3000 µm .................................................................... 68 

Figure - 47: A - Histogram of the calcarenite1 B - Histogram of the calcarenite1throat length, obtaine 

from the resoective pore network model ............................................................................................ 68 

Figure - 48: A - Illustrates the Grain Matrix of the calcarenite rock after coreflooding experiment. B- 

Calcarenite. Scale Bar 400 µm .......................................................................................................... 68 

Figure - 49: Permeability vs pressure for Oolitic plug ......................................................................... 71 

Figure - 50: Permeability vs pressure for the calcarenite plug ............................................................ 72 

Figure - 51: Simulation tensor permeability calculator experiment 1503  voxel/22503 µm ................... 74 

Figure - 52: Simulation tensor permeability calculator for 3003  voxel/51003µm ................................. 74 

Figure - 53: Oolitic simulation tensor permeability calculator for 1003  voxel/ 2173µm ........................ 75 

Figure - 54: Relative Permeability for the calcarenite plug. Source: Sendra ....................................... 76 

Figure - 55: Relative permeability curves for Oolitic core plug. Source: Sendra .................................. 77 

Figure - 56: Illustration representing the total and effective porosity for the calcarenite simulation ...... 81 

file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833188
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833188
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833189
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833190
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833191
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833193
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833194
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833196
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833196
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833196
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833197
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833199
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833199
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833200
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833202
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833202
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833203
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833204
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833204
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833204
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833208
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833208
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833209
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833210
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833211
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833212
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833213
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833214
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833215
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833216


  

ix 

 

Figure - 57: Calcarenite pore framework and PNM ............................................................................ 82 

Figure - 58: Absolute permeability simulations for the calcarenite. A- Representing the experiment 

described in table 8. B – Absolute permeability experiment with same conditions but for 〖100〗^3 voxel; 

C - Absolute permeability experiment with same conditions but ......................................................... 85 

Figure - 59: Calcarenite Sendra simulation for 150 ml/hr ................................................................... 86 

Figure - 60: Calcarenite Sendra simulation for 200 ml/hr ................................................................... 87 

Figure - 61: Calcarenite Sendra simulation for 250 ml/hr ................................................................... 88 

 

  

file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833217
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833218
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833218
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833218
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833219
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833220
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833221


LIST OF TABLES 

Table 1 -  Mean porosities of the several grain packings (Graton e Fraser, 1935). ............................. 14 

Table 2 - Weight of the different classes after the acid test for the rocks. ........................................... 39 

Table 3 - DRX Parameters ................................................................................................................ 40 

Table 4 - Cross-sections of micro-CT intrinsic to each experiment ..................................................... 53 

Table 5 - Acquisitions of Ct-Scan parameters .................................................................................... 54 

Table 6 - Porosity values intrinsic to each binarization step ............................................................... 55 

Table 7 - One digital radiograph, and reconstructed slices (left) binarizations (rigth) . Original , cut off, 

and threshold values, Final binarization. Black line represents 16.836 µm ......................................... 56 

Table 8 - Parameters used for an absolute permeability simulation experiment ................................. 61 

Table 9 - Results obtained for porosity and permeability for calcarenite and ooliticic limestone cores . 63 

Table 10 - Porosity values obtained in PerGeos ................................................................................ 69 

Table 11 - Results obtained from the PNM for both samples.............................................................. 69 

Table 12 -Calcarenite permeability values for different confining pressures........................................ 70 

Table 13 – Oolitic  permeability values for different confining pressures ............................................. 70 

Table 14 - Comparing results obtained for the same ROI with three different input simulations .......... 73 

Table 15 - Results obtained in the simulation of  1503 𝑣𝑜𝑥𝑒𝑙 .............................................................. 74 

Table 16 - Results obtained in the simulation of 3003 𝑣𝑜𝑥𝑒𝑙 ............................................................... 74 

Table 17 - Results obtained in the oolitic simulation of 1003 𝑣𝑜𝑥𝑒𝑙 ..................................................... 75 

Table 18 - Core plug properties used for relative permeability simulation ........................................... 76 

Table 19 - Calcarenite Relative permeability values ........................................................................... 76 

Table 20 - Calcarenite drainage simulation ........................................................................................ 77 

Table 21 - Oolitic Core plug properties used for relative permeability simulation ................................ 77 

Table 22 - Oolitic Relative Permeability values .................................................................................. 78 

Table 23 - Oolitic drainage simulation ................................................................................................ 78 

Table 24 - Results obtained by using the permeability tensor experiment in the calcarenite sample. .. 83 

 

  

file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833912
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833915
file:///C:/Users/Odete/Downloads/MSc_Petroleum_Engineering_Final_withouth%20tracking.docx%23_Toc12833915


  

xi 

 

LIST OF ACRONYMS 

 

CCA Conventional Core Analysis 

DRP Digital Rock Physics 

FIB Focused ion beams 

FZI Flow zone indicator 

GB Gyga-Bites 

ID Disturbance Index 

K Base Permeability 

LB Lattice Boltzmann methods 

Micro-

CT 
Microcomputed tomography 

OWC Oil Water Contact 

  

Pnw Non-Wetting Phase Pressure 

Pw Wetting Phase Pressure 

RCA Routine Core Analysis 

PNM Pore Network Model 

IGME 
Instituto Geológico y Minero de 

Espana 

REV Representative Element Volume 

RQI Rock Quality Index 

ROI Region of Interest 

SCAL Special Core Analysis 

 

 

 

 

 

 

 

 

 

𝑷𝒎 Mean pressure 

𝐏𝒄 Capillary Pressure 

𝑲𝒓𝒐 Oil Relative permeability 

𝑲𝒓𝒘 Water Relative Permeability 

𝑲𝒐 Oil Effective Permeability 

𝑲𝒘 Water Effective Permeability 

𝑲𝒈 Gas Effective Permeability 

𝑲𝑟𝑜(𝑆𝑤𝑚𝑖𝑛) Oil relative permeability at 
minimum water saturation 

𝑺𝒘𝒄𝒓 Critical Water Saturation 

𝑺𝒘𝒙𝒑𝒐𝒊𝒏𝒕 Water saturation at crosspoint 

𝑺𝒐𝒓𝒘 Residual Oil Saturation to Water 

𝑲𝑤(𝑠𝑜𝑟𝑤) 
Water relative permeability at 

residual oil 

SEM Scanning electron microscopy 

Xpoint Cross Point 

  



SYMBOLOGY  

 

 

 

 

 

 

 

 

STANDARDS 

 

API – AMERICAN PETROLEUM INSTITUTE 

API RP 40 Recommended practice for core analysis 

 

 

UNITS SYSTEMS CONVERSION 

 

Conventional System Units International System Units 

  

1 bar 6 894.75729 Pa 

1’ (ft) 0.3048 m 

1’’ (in) 0.0254 m 

1 nm 

1 µm 

 1 𝑥10−9𝑚 

1 𝑥10−6𝑚 

𝛄 Interfacial Tension  

ɵ Contact Angle 

𝑅 Pore Throat Radius 

𝒃 Gas slippage factor 

⅄ Mean free path 

 𝑪 Klinkenberg Constant 

nm Nanometre 

𝛄𝐬𝐨 
Interfacial Force between oil-

surface 

𝛄𝐨𝐰 Interfacial Force between oil-water 

𝐜𝐩 centipoise 

µm Micrometre 

µ Incident radiation intensity 

µ𝑤 Water viscosity 

  



  

1 

 

 

ABSTRACT  

 

The evaluation of the rock properties is of paramount relevance for any field development plan of a 

petroleum and gas project. It is of vital importance for the energy company to understand, not only the 

physical properties of the rock, but also the capability of the porous medium to flow oil, gas, and water. 

This study encompasses the extensive investigation of two carbonate outcrop samples in terms of 

porosity, pore framework, and absolute permeability. This study is grounded in an integrated approach 

of coreflooding and Digital Rock Physics. The two outcrops belong to the Iberian Peninsula, specifically 

an oolitic limestone from Leiria, Portugal and a calcarenite from Jaén, Spain. The findings of this study 

suggest that the batonian oolitic has lower permeability (>0.9 mD) and porosity (x̅ 13%).Furthermore 

indicate that the Tortonian calcarenite, under ambient conditions, has interparticle porosity (x̅ 25%) and 

is extremely permeable to water (>1000 mD).Nevertheless, under confining pressure (250 bar), the 

calcarenite modifies completely the pore structure (ϕ x̅ 10%;  k x̅ 7 mD). This paper strengthens the idea 

that can be useful a simultaneous integration of core analysis and digital rock physics data, enabling 

more accurately the characterization of the macroscopic and microscopic features of interest. Integration 

data coming from both sources are essential to minimize uncertainty and errors. Moreover, this paper 

critically analyses the pore size distribution of both samples. These results acquired from both 

techniques make several valid contributions to the current literature about both outcrop carbonates. 

 

Keywords: Outcrop / Carbonate rock / Porosity / Permeability / Coreflooding / DRP 

  



RESUMO 

 

A avaliação das propriedades da rocha é de maior importância para qualquer plano desenvolvimento 

de campo inerente à exploração hidrocarbonetos. É de uma importância fundamental para as empresas 

de energia compreender, não apenas as propriedades físicas da rocha em estudo, mas também a 

capacidade de fluxo de hidrocarbonetos e água do meio poroso.  O presente estudo inclui uma 

investigação de amostras pontuais provenientes de dois afloramentos, em termos de porosidade, 

estrutura porosa e permeabilidade absoluta. Esta tese integra dois métodos complementares, 

nomeadamente, coreflooding e digital rock physics. Os dois afloramentos estão localizados na 

Península Ibérica, especificamente um carbonato oolítico de Leiria(Portugal) e um calcarenito de Jaén 

(Espanha). Os resultados desta investigação sugerem que o calcário oolítico batoniano tem baixa 

permeabilidade (> 0,9 mD) e porosidade (x̅ 13%). O  calcarenito tortoniano, em condições normais, 

possui porosidade interpartícula (x̅ 25%) e extremamente permeável à àgua (>1000 mD). Todavia, sob 

pressões confinantes (250 bar), o calcário calcarenito modifica completamente a sua estrutura (ϕ x̅ 

10%;  k x̅ 7 mD). Esta dissertação reforça veemente a utilidade da integração sincronizada de 

coreflooding e digital rock physics, permitindo que a caracterização das propriedades de interesse seja 

feita de forma mais precisa, tanto macroscopicamente como microscopicamente. Ulteriormente, é feito 

uma análise profunda `a distribuição do tamanho de poros de ambas as amostras. Os resultados 

obtidos em ambas as técnicas contribuem substancialmente para conhecimento publicado sobre os 

dois afloramentos 

 

Palavras chave: Afloramento / Carbonato / Porosidade / Permeabilidade / Coreflooding / DRP 
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INTRODUCTION 

 

In the present date, the hydrocarbons are one of the most successful industries that brought more 

benefits, not to mention the costs, to humanity. However, 150 years earlier, the reserves of 

hydrocarbons remained practically untouched, even though the existence of petroleum has been 

acknowledged since early times (i.e., 6000 B.C.) used mostly for medicine and construction (Hossain e 

Al-Majed, 2015). Nevertheless, the first commercial well was in 1869 due mainly to the past engineering 

techniques constraints. Over the past century, with the advance of technology, there has been a 

dramatic increase in hydrocarbon mined. All over the world, wildcats, appraisals, and development wells 

were drilled, with the constant aim of find and explore hydrocarbons. Hydrocarbons nowadays play an 

essential role in a wide range of industries. There exist a dominant dependency on fossil fuel to meet 

the energy demands of the world´s expanding economy. The need for hydrocarbons has been 

increasing every year, feed by the rapidly growing economies, as China and India (Speight, 2016). The 

energy from hydrocarbons will provide a vital solution to withstand the energy poverty in some countries. 

Where is the oil in the earth? Based on the hydrocarbon formation biogenic theory, the hydrocarbons 

are a result of organic matter conditioned to burial processes (i.e., compression and heating) while mixed 

with mud. Subsequently, heat and pressure will transform the organic matter through different processes 

in hydrocarbons. A small portion of these hydrocarbons will be migrated from the source-rock to a 

reservoir rock. This reservoir rock, where the hydrocarbons are contained in considerable volumes has 

to have the ability to store hydrocarbons in the void space (i.e., porosity) and at the same time the ability 

to transmit the fluids through the porous medium (i.e., permeability). The pore space and the physical 

properties inherent to the fluid flow through the porous medium are the primary concern of this study. 

The hydrocarbons may be retrieved at the first approach by natural depletion. However, with the steep 

drop in the availability of the conventional reservoirs and the higher demand for crude oil enhance the 

investment in complex reservoirs, as well as the investment in different recovery mechanisms for 

conventional reservoirs. The study of the reservoir rock may be achieved through direct or indirect 

measurements. It is beyond the scope of this thesis to examine the indirect measurements. Through 

direct measurements on core samples, predictive recovery efficiency may be projected. These 

projections may be obtained by experimental data coming from core analysis, as well as by digital rock 

physics. The characterization of rock porosity and permeability is indispensable for any energy company 

that seeks to explore hydrocarbons. Core analysis and Digital core fluids are significant contributors to 

rock characterization, as it proves this dissertation.  



MOTIVATION 

This thesis is the result of my path set during my bachelor as a geologist and during my master as a 

petroleum engineer. This study offered an outstanding opportunity to investigate real data from two 

outcrops. The two formations studied in this thesis belonging to different areas, specifically the center 

of Portugal and the South of Spain. To date, there has been no systematic research of the rock porosity 

and permeability of the batonian Oolitic carbonate, lying in Serra dos Candeeiros, Portugal, and 

Tortonian calcarenite, lying in Jaen, Spain. 

Aside from this stupendous opportunity to study thoroughly two different carbonates, it couples with 

learning two widely-used methodologies for rock characterization. Firstly the classic method, 

coreflooding, and second, the groundbreaking method DRP. 

To the best of our knowledge, the study presented in this thesis is one of the first investigations, in 

Portugal, where intensive research is done by integrating two methods, such as coreflooding and digital 

rock physics, to characterize the rock porosity and permeability. 

 

OBJECTIVES 

This study will generate fresh insight into the advantages of using a mixed methodology to proper rock 

characterization. This dissertation seeks to evaluate the effectiveness of integrating coreflooding and 

DRP. Furthermore, this  research critically examines both rocks at microscale and mesoscale regarding 

porosity and permeability. Moreover, this study  encompasses the characterization of the pore size 

distribution of the two pore framework. Finally, part of this study evaluates the impact of pressure on the 

rock structure, therefore in permeability.  

 

STRUCTURE OF THE THESIS 

The overall structure of this descriptive memory takes the form of 7 chapters. The first three chapters 

compile the theoretical framework of this study. Individually, the first chapter of this work will examine 

the rock physics fluid properties. The second gives a brief review of coring procedures and coring 

analyses. Chapter 3 begins by laying out the theoretical framework of digital rock physics. The fourth 

chapter provides a brief review of the geological setting, rock pore typing, and mineralogy. Section 5 

describes the experimental approach and instrumentation utilized in this thesis. Section 6 presents the 

findings of this research, focusing on three key themes, corefloding outcomes, DRP results, and finally, 

the comparison and validating of both methods. The final chapter includes a discussion and conclusion 

of the implication of the findings, as well gives insights into possible future research.  
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THEORETICAL FRAMEWORK  

 

1.1 ROCK AND FLUID FLOW PROPERTIES 

This chapter contextualizes the research by providing essential background information on rock and its 

fluid flow properties. First, insights will be given regarding the fluid flow physical forces and afterward, 

the characteristic of interest, such as porosity, and permeability.  

The fully understanding of fluid flow behavior in porous media is of higher relevance for industrial 

purposes (Bear, 1975). Love et al. (2001) identified some related applications, such as aquifer 

purification, containment of toxic and nuclear waste, geological flows of magma, chemical reactions in 

catalysts, enhanced oil recovery and the study of blood flow through capillaries.   

For an accurate representation of reservoir properties, an excellent characterization for different scales 

is essential, ranging from the microscale (micrometers) for pore framework to mesoscale (centimeters) 

for core samples and macroscale (kilometers) for reservoir characterization. To properly perceive oil 

and gas reservoir behavior it is fundamental to accurately merge the geological and geophysical data 

with petrophysical data coming from logs, well test and cores (Dawe et al., 1987) 

To allow the Engineers to make reliable predictions about potential recoveries, it is essential that 

consistent and detailed information about the in-situ reservoir properties be appropriately characterized. 

The detailed characterizations of every single aspect inherent to the motion of fluids within the pore 

space are also required. Touboul et al. (1987) suggest that two approaches should be followed by 

Petroleum Engineers to understand the motion properties through the pore framework: firstly, settled on 

the porous description inherent to macroscopic laws, through Darcy´s law and relative permeabilities; 

second, the microscopic information, such as pore geometry and natural physics motion laws for this 

scale. The most prominent forces acting in the reservoir fluid flow are capillary forces, viscous forces, 

and gravity forces (Morrow, 1979). Additionally, these forces altogether will define properties as 

wettability and interfacial tension. 

1.2 FORCES ACTING ON RESERVOIR FLUID FLOW 

1.2.1. Capillary Forces 

The capillary pressure gradient is widely used in the oil and gas industry. Therefore a  proper 

characterization of rock capillary pressure is crucial (Xuetao et al., 2017) and (Richardsonet et al., 1989). 

Hassler et al. (1944) define capillary pressure as the essential concept of the pressure difference. 

Capillary pressure relies on the differential pressure between the wetting phase and the non-wetting 

phase. The pressure difference between phases is mathematically explained by the equation of the 

Young-Laplace equation (Xuetao et al., 2017):  

𝑃𝑐 =  ɵ(
1

𝑅1
+

1

𝑅2
) Eq.  (1.1) 

 



Where 𝑃𝑐 is Capillary Pressure, ɵ is the interfacial angle between phases, 𝑅1 is the capillary radius near-

end and  𝑅2 is capillary radius far-end. 

Rose and Bruce (1949) show the importance of capillary pressure to infer the irreducible water saturation 

and highlight the possibilities of acquiring other properties of the rock using as a base the capillary 

pressure curve directly or by applying known correlations (e.g., relative permeability and Willie and 

Gardner's equations). Therefore, it is possible to infer properties such as residual oil saturation, porosity, 

absolute permeability, relative permeability, wettability, interfacial tension, and pore throat size 

distribution, and other parameters meaningful for reservoir evaluation.   

From a microscale point of view, the capillary pressure is mostly a function of interfacial tension and 

pore structure. Allen and Allen, 2013 states that when an oil drop travels through the pore framework, 

forces are required to squeeze and distort the drop into the pore framework. The inherent energy to this 

mechanism is the capillary pressure or displacement pressure. Following figure 1 shows a typical pore 

structure schematically:  

 

Allen and Allen (2013) claim that the capillary pressure is a function of pore throat size, interfacial tension 

between phases, and the wettability of hydrocarbon-water-rock. Subsequently, it is predictable the 

change in capillary pressure from one pore to another due to different pores sizes within the rock matrix. 

Due to the pores complexity framework, it is necessary an approximation to simplify the pores geometry. 

For streamline modelling , estimating the approximate pore size can be done by assuming that the pore 

radius is similar to the radius of the largest hypothetic circle that can be within the pore (Allen and Allen 

2013).  

Considering a system with two phases, such as water and oil, figure 2 shows schematical representation 

of the capillary pressure at microscale. The equation 1-2 transcribes the capillary force : 

 

𝑃𝑐 = 
2 𝛾 cos 𝜃

𝑅
 Eq. (1.2) 

Figure - 1: Schematic representation of pore body geometry and pore throat from (H.Xuetao 2017) 
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Where  𝑃𝑐 is the capillary pressure, 𝛾 is Oil-Water interfacial tension (dyne.cm-1); 𝜃 is the contact angle 

of oil and water against the solid (degrees) and 𝑅 is the pore throat radius (in cm).  

What is striking from this equation (1-2) is the inversely proportional relationship between the capillary 

pressure and the pore size. From a microscale view, it is deductible that the local capillary pressure will 

control the invasion or evasion of fluids. Also, it is deduced that when interfacial tension between phases 

increases the capillary pressure increases as well. Moreover, when the contact angle decreases the 

capillary pressure increases also increase with stronger wettability preference. From the previous 

equation (1.2) we derived only of oil into a pore framework from an infinite body, nevertheless for cases 

when is known the ends of the pore network we can use the modified equation (Allen and Allen, 2013):  

𝑃𝑐 = 2 𝛾 (
 1

𝑅1

−
1

𝑅2

) 

 

Eq.  (1.3) 

 

Where, 𝑅1 is the pore throat radius upper end and 𝑅2 is the pore throat radius at the lower end. 

The well-known equation uses to characterize the capillary pressure at macroscale it is derived from 

microscale behavior. The macroscale capillary pressure might be defined in function of differential 

pressures within phases:  

Pc = Pnw - Pw Eq.  (1.4) 

 

Where Pnw is the average non-wetting phase pressure over a volume of porous media and Pw is the 

average wetting phase pressure over a volume of porous media. 

Capillary forces characterization acting in the reservoir is crucial to minimizing the errors of possible 

recoveries. Richardson et al. (1989) argue that recovery performance calculations, ignoring the 

capillary pressure gradients will lead in average to less 1% of oil saturation. These discrepancies 

happen due to equilibrium saturation distribution above phase contacts. Finally, Graton e Fraser 

(1935) argues that the capillary phenomena play an essential role in petroleum engineering reservoir 

predictions and should be well characterized for all kind of geological operations purposes.  

 

 

 

Figure - 2: Schematic representation of the interface geometry caused by the forces that must be done to distort the globule 
and squeeze it through the pore throats. (Allen and Allen, 2013) 



1.2.2. Viscous Forces 

The viscous forces refer to the pressure gradients inherent to the fluid flow along the reservoirs as 

expressed by Darcy’s Law; then viscous forces can be thought as a resistance measure (AHMED, 

2001). The viscous forces are defined by the fluid viscosity, flow velocity and path length (Dandekar, 

2006). Additionally, may be characterized as the energies between the solid body and fluid, liquid or 

gas.  

The viscous forces may be retrieved through the capillary number (𝑁𝑐𝑎), a dimensionless measure that 

describes the ratio of viscous force to interfacial tension forces (Equation 1-6). For a liquid in motion, if 

viscous forces overpower the interfacial tension forces, 𝑁𝑐𝑎 will be higher than one (e.g., during 

production), when 𝑁𝑐𝑎 is lower than one, subsequently, the viscous, forces does not influence with the 

interfacial forces (e.g., reservoir prior production). The following equation (1-6) gives the viscous forces 

through the capillary number: 

𝑵𝒄𝒂 =
𝐹𝑣

𝐹𝑐

=
𝑣µ𝑤

𝜎𝑜𝑤

 

 

Eq.  (1.6) 

Where, 𝑁𝑐𝑎 is the capillary number, 𝐹𝒗 is the  viscous force, 𝐹𝑐 is the capillary force, 𝑣 is the Interstitial 

pore velocity, µ𝑤is the water viscosity and 𝜎𝑜𝑤is the interfacial tension between phases 

The viscous forces play an essential role to define injection and production rates to avoid water/gas 

coning effect. The coning effect is defined as the movement of gas/water towards the influx of the 

production well. The coning effect is driven by the imbalance forces between the gravitational and the 

viscous forces. For any point within the reservoir without external forces, a balance will coexist between 

gravitational and viscous forces (e.g., reservoir before production). Under production circumstances, 

dynamic forces might overpower gravitational forces which lead to the undesirable coning effect. This 

effect will lead to a decline in oil production rate. In theory Morrow, 1979 claims that if the ratio of viscous 

to capillary forces raised in a proper magnitude, the recovery of the residual oil might be achieved, 

nevertheless is impossible to force such conditions on the reservoir. 

1.2.3. Gravity forces  

Gravity forces confine the fluids to a spatial position within a reservoir governed mainly by buoyancy 

force. The density differences between gas, oil, and water determine their position within the pore space. 

Gravity segregation, the perfect differentiation of the elements by density variation never truthfully exits. 

The utopia where precise boundaries between gas, oil, and water do not happen is mostly due to 

capillary forces (Dandekar, 2006). Within the smallest pores, the capillary forces are higher then they 

will counteract the gravity force and constraint the gravitational segregation between phases (e.g., water 

and oil). The motion inherent to gravity forces can be written as an equation, then when two immiscible 

phases with different density coexist, the phase with lower density (e.g., oil) is prone to move upwards, 

above the high-density phase (e.g., water) is governed by the following equation (1-7):  

∆𝑃𝑔 =△𝑔× 𝑔 × 𝐻 Eq.  (1.7) 
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Where, ∆𝑃𝑔 is the pressure gravity difference between phases, △𝑔 is the density difference between 

phases, 𝑔 is the gravity acceleration, 𝐻 represents the height of the fluid column 

The following figure 3 represents the natural fluid reservoir and its spatial distribution, driven by gravity 

forces, for an anticlinal structure:  

1.2.4. Wettability 

Wettability is defined as the tendency of a fluid to adhere or spread to a solid surface in the presence of 

other immiscible liquids (Dandekar, 2006) (Anderson, 1986). In the presence of more than one phase 

in the rock matrix, one is called the wetting phase, and the second will be the non-wetting phase. The 

tendency of a liquid spread over a solid means that the liquid has a solid wetting preference of the liquid 

phase for the solid phase. The system between the rock and two phases can be preferentially wetting 

by to one of the phases or wetting by the two phases, in other words, a mixed-wetting rock as shown in 

figure 4 (Xuetao et al., 2017) (McPhee et al.,2015). The former author identifies six wetting states, such 

as water-wet, oil-wet, neutrally-wet, intermediate-wet, fractional-wet, and mixed-wet. Neutrally-wet state 

refers to a system that does not have either oil or water wetting preference. Intermediate-wet where the 

system has the same wetting preference for oil and water. Fractional wet is a system where some 

minerals present a higher oil wetting state and other higher wetting preference.  

Anderson (1986) refers to wettability as the fundamental properties of rock and fluids. It also states that 

it is the result of force interactions complexity, controlling capillary behavior. It is widely accepted that 

the wettability of a reservoir has a direct influence on the spatial distribution of the fluids within the void 

space. Consequently, it affects the way the fluid travels along the reservoir. Through wettability, 

measurements is possible to deduce the most probable irreducible water saturation as well as the 

residual oil saturation. The first one indicates the total hydrocarbons present in the reservoir within the 

pay-zone 1while the second shows the total hydrocarbons that will be trapped in the porous media after 

the water flooding. Several studies Jadhunandan e Morrow, (1995) (Anderson, (1986) have shown that 

wettability is inherently dependant on lithology and fluid. Then for irreducible water saturation state, the 

saturation of water is always higher than 20-25 %, especially when the water is the wetting phase. On 

the other hand, when the water is the non-wetting phase, the irreducible water saturation lies around 

15% (Dandekar, 2006).  

                                                   
1 Pay-zone - refers to the reservoir portion where hydrocarbons are economically producing 

Figure - 3:  Natural spatial distributions of the oil, water and gas, from (H.Xuetao, 2017) 



The wettability is a sensitivity property hence is time-variant property. In fact, changes in rock wettability 

before measurements processes may happen due to the use of polar components as solvents (e.g., 

ketones, alcohols, and so forth). Wettability changes affect capillary pressure, relative permeability, 

water flow behavior, irreducible water saturation, residual oil saturation (Anderson, 1986). The wettability 

may also be changed throughout some procedures, such as coring, surface handling and transportation 

(McPhee, Reed e Zubizarreta, 2015). The fully understanding of rock wettability gives crucial information 

to predict reservoir performance, in primary recovery as well in secondary recovery where imbibition 

has an essential role. 

Imbibition is the fluid displacement of a non-wetting fluid by a wetting fluid, where through this process, 

the saturation of the wetting fluid increase. Overall, these studies indicate that wettability is crucial to 

control the natural imbibition process  (Morrow e Mason, 2001) (Ghedan, Canbaz e Mtawaa, 2009); 

(Abdallah et al., 2007);(Amott, 1958). Ghedan et al., (2009) describe the spontaneous imbibition as the 

natural adsorption of a wetting fluid in surface mineral rock. Forced Imbibition is commonly used in 

petroleum reservoirs, that is the use of external forces to imbibe the wetting phase (e.g., water injection 

for water-wet rocks). Imbibition is controlled by properties such as porosity, permeability, porous 

structure, matrix size and shape, fluid viscosity, initial water saturation, wettability, interfacial tension, 

relative permeability, gravity (Ghedan et al., 2009). The contact angle can classify the wettability of a 

surface to a liquid, as shown in the following figure 4:  

 

1.2.5. Interfacial Tension 

Up to three phases are found in oil reservoirs: gas, oil, and water. The three phases are immiscible with 

each other for most reservoir conceivable conditions. Interfacial tension origins when the reservoir fluids 

are immiscible. Subsequently, the spatial location of these fluids will be governed mainly by gravity 

forces. These forces will lead to contact zones within these immiscible fluids. Accordingly, these contact 

zones an infinitesimally layer with both fluids called an interface between them. Therefore gas-oil 

contact, gas-water contact, and oil-water contact. The interfacial tension (i.e., the tension between two 

liquid phases) as well as surface tension (i.e., the tension between the gas phase and liquid phase). 

Through the contact surface between the molecules, forces are not balanced between the two 

immiscible fluids. Assuming the same liquid, the interfacial tension with another liquid will be lower than 

the same liquid with a gas phase (e.g., water-oil compared to water-gas) (Dandekar, 2006). The 

interfacial tension generally tends to decrease with the increase in pressure and temperature. In other 

words, for example, the surface tension forces tend to fall with the increase of the gas pressure above 

Figure - 4: Water-wet , <90° (a) ; Intermediate-wet =90° (b ); Oil-wet >90 ° (c) ,from H.Xuetao 2017 
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it (Dandekar, 2006). Moreover, the interfacial tension is inherent to hydrocarbon composition, (i.e., high 

interfacial tension for a stout, and high viscosity oils), temperature (i.e., the higher temperature usually 

leads to lower values of interfacial tension) (Allen and Allen, 2013). Notwithstanding with the property 

nature (i.e., not inherent to the rock itself), the IFT has considerable influence in parameters such as 

wettability, capillary pressure, and relative permeability. The following figure (5) shows the interfacial 

tension (IFT) schematically within hydrocarbon water systems at the reservoir. 

1.3. ROCK POROSITY AND PERMEABILITY 

 

The dynamic forces explained above arbitrary act within the reservoir rock. The rock can be subdivided 

into voids (primary voids-pores e/ou secondary voids –cracks etc. ?) space and solid space. The voids 

framework and its intrinsic geometrics with the solid phase dictated considerable macroscopic rock 

properties. Oren et al., 1998 identifies four macroscopic characteristics: porosity, relative permeability, 

capillary pressure, and resistivity index.   

Motion properties as capillary pressure and relative permeability equations characterize flow behavior 

in porous media. These properties are highly dependent on the fluids and pore geometry framework. 

Thus rock porosity and permeability are a decisive parameter to understanding the fluid flow 

displacement. The porosity may be roughly defined as the total space occupied by void space within a 

rock, in the context of this thesis, the general void space is called pore space. The porous space can 

vary between microscopic voids often denominated molecular interstices to huge ones designated 

caverns without constraints of size (Scheidegger, 1957). The porosity values can range from 1 up to 80 

% for exceptional cases (e.g., loose-sand), the typical ranges for porosity lies between 1-36 % (Xuetao 

et al., 2017). Rock porosity is in function of the volume of voids by the total bulk volume of the rock. The 

accurate estimation of the pore space occupied by hydrocarbons and water is of paramount relevance 

for reliable prediction of hydrocarbons initially in place. The porosity is defined by the porous volume 

fraction by the total volume of the rock, and can be defined as follows:  

𝜙 =  
𝑉𝑝

 𝑉𝑡
 = 

𝑉𝑡−𝑉𝑔

𝑉𝑡
 = 

𝑉𝑝

 𝑉𝑝+𝑉𝑔

 Eq.  (1.8) 

Where the  𝑉𝑝 is the pore Volume, 𝑉𝑔 is the grains Volume and   𝑉𝑡 is the Total Volume. 

Figure - 5: Schematic illustration of IFT between two immiscible fluids from H.Xuetao ., 2017; 



The porosity values are not necessarily linked to voids size spectrum or connectivity. It should be noted 

that rocks with the same porosity may have completely different physical properties. There exist a need 

to subdivided the types of porosity as absolute porosity, connected porosity, effective porosity, primary 

porosity, secondary porosity, fracture porosity and flowing porosity  (Xuetao et al., 2017). Absolute 

porosity refers to the total porosity, which is the merge between the isolated pores and the connected 

pores. The effective porosity is defined as the ratio between the volume of connected pores and the 

bulk rock volume. The active pores are the ones that can transmit fluids in normal conditions and does 

not account with isolated pores and dead-end pores (e.g., small pores that may be connected but almost 

no flow occurs due to inherent capillary pressures) as shown in figure 6. 

Additionally, it is essential to consider the “flowing porosity” that is the part of pore volume fluids that is 

occupying the rock pores during the fluid displacement (Xuetao et al., 2017). Accordingly flowing 

porosity does not account for the area filled by the liquid film adsorbed on the surface rock minerals. 

The effective porosity most of the times is higher than the flowing porosity. The porosity can also be 

classified into primary porosity that is inherent to the lithology formation processes, and in secondary 

porosity that develops through processes after deposition through diagenesis (e.g., cementation) (Philp, 

1985). Due to geological processes, the porosity is not an invariant property over time, until pores once 

interconnected may become isolated due to the cementation process.  

 

The overall aim of this thesis is to infer the carbonate porosity and permeability values, they will not be 

discussed here types of sandstone porosity rocks neither their intrinsic porosity-permeability types, for 

further research on the topic it is counseled the read of (Shanmugam, 1985) (Allen and Allen, 2013).  

Carbonate reservoirs hold more than 60 % of the world´s oil and 40% of the world´s gas reserves (IEA, 

2017) Subsequently, all the study fields concern carbonates properties are of primary concern. The 

carbonate rock properties are time-variant. From the sedimentation to diagenesis processes, the 

intrinsic properties, such as porosity and permeability will vary. From the precedent, sedimentation and 

diagenesis knowledge are possible to have some insights about possible range values of porosity and 

permeability. There are several of process inherent to deposition, diagenesis and its natural biological 

origins inducing to complexes and different pore types and sizes. Furthermore, it is pivotal a reliable 

petrophysical interpretation to predict the fluid flow and transport within carbonate rocks.   

Figure - 6: Schematic illustration regarding several types of pores (Dandekar, 2006), 3D representation of the total volume 
and only the void space from (Graton e Fraser, 1935) 
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Carbonate rock classification may be divided into two main categories, textural or compositional 

classification. On the one hand, the classification proposed by (Dunham, 1962) according to the texture 

of the rock, illustrated in figure 7. On the other hand, the classification suggested by Robert L. Folk, 

(1959) is according to its components (e.g., allochems). The first classification gives information 

regarding the grain size and the original rock matrix. The second classification tells us more about the 

kind of grain, which can have a direct influence on porosity and permeability (Robert L. Folk, 1959). The 

carbonate rock components are made of allochems. Allochems may be fossil, bioclasts, pellets, 

intraclast, and ooids. The fossil or bioclasts is a generic term that refers to shells, broken bits of shell, 

coral and bone. Pellets refer to small ooids of micrite and microfossils that is encompassed as fecal 

matter. Intraclasts are a broad term used to describe material that has been eroded, transported a short 

distance and deposited, frequently linked to storm events or debris flows. Ooids refer to small grains 

created by concentric precipitation of calcite around a nucleus.  

Texture is generally understood as the size, shape, and arrangement of grains, matrix, and cement 

inherent to sedimentary rock. The rock texture has a high influence on its porosity and permeability 

(Archie, 1952). In carbonates, texture is prone to be complex itself due mostly to diagenetic alteration. 

There are several texture properties (Dandekar, 2006) that influence porosity and permeability, such as 

the grain size, grain shape, sorting, packing, matrix, fabric, compaction, and cementation. Grain size 

and sorting are related to depositional environment and its natural physical conditions. Minerals grain 

shape is usually classified by sphericity of the mineral and its roundness (i.e., the curvature of the 

corners). Grain size and grain shape altogether control the sorting. Specifically, if the grains are equally 

sized and well-rounded, that will lead to well sorting. Fabric is the mineral orientation altogether with 

packing and grain contacts. Notwithstanding, with the relevance of other properties, through mineral 

packing is possible to predict reliable porosity values. Graton e Fraser (1935), in their analysis of 

systematic packing and its influence on in porosity, discovered predictable relationships between 

A 

Figure - 7: Textural classification of carbonate rocks (modified from Dunham, 1962). 



packing and the porosity (Table 1). For their experiments they assumed regular spheres, this 

assumption leads to a well-sort structure (i.e., all the spheres have the same roundness and sphericity). 

They claim that the prior known type of packing leads to foreseeable ranges of porosity values. 

 
Table 1 -  Mean porosities of the several grain packings (Graton e Fraser, 1935). 

Packing Structure Type of Packing Porosity  

 
Rhombohedral 26 % 

 Tetragonal 30 % 

 
Orthorhombic 40 % 

 
Cubic 48 % 

 

Porosity and permeability and internal geometries are crucial to predict fluid saturation and motion 

behavior.  There is a broad range of carbonate pore types and geometries inherently to the original grain 

and diagenetic alteration of the sedimentary fabric (Allen and Allen, 2013). The distinct carbonates 

biological origins lead to complexity of pore types, correspondingly to a wide range of predictable 

porosity-permeability values. Archie (1952) made the first detailed study relating rock fabrics to 

petrophysical properties in carbonate rocks. The classification is divided into three parts: the texture of 

the matrix, the visible character of the pore structure and third under the microscope of 10 power 

microscope. This classification demonstrated the usefulness to characterize the porosity. 

Moreover, this is also convenient to predict permeability and capillary pressure. Equally important, 

Choquette and Pray (1970), proposes a genetic classification based on depositional and diagenetic 

fabric as main properties controllers of the pore system framework. Thus, porosity can be derived by 

fabric-selective elements. There are five types of primary fabric-selective porosity: interparticle, 

intraparticle, fenestral, shelter, growth framework. 

Additionally, a secondary-selective porosity as intercrystal and moldic. A non-fabric selective porosity, 

such as fracture, channel, vug, and cavern types as well porosity that can be whether fabric selective or 

not, such as breccia, boring, burrow, shrinkage. 

Nevertheless, Archie classification does not relate with depositional or diagenetic terms, therefore it is 

difficult to link to geological models. Figure 8 presents the differences between the types of porosity 

following the fabric-selective nomenclature. Moreover, Lucia (1983), based on diagenetic properties, 

categorized the carbonate pore systems relied on the petrophysical response. Lucia divided into two 

main groups of carbonate porosity interparticle and vuggy. Following this nomenclature, the space 

between the grains is designated interparticle pore space, and the rest of the pore space is assigned 
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vuggy. The interparticle classification is then subdivided by size. Vuggy pores might be whether or not 

connected into the pore network through the interparticle pores, resulting in two subdivisions of the 

vuggy pores. The average carbonate porosity lies between 1 and 35% (Lucia, 2007). It has been 

conclusively shown that the classification of pore structure helps to characterize the reservoir fluid 

behavior better. 

 

 

 

 

 

 

 

 

 

 

1.3.1. Permeability 

Porosity provides information for potential rock's ability to retain fluids; on the other hand, permeability 

is the ability of fluids to flow through the rock matrix. Permeability is defined as the capacity of a given 

rock to conduct fluids within the pore space (Bear, 1975). Hence, permeability is a conductivity 

coefficient that characterizes the volume-averaged frictional effects of complex pore network 

(Cancelliere et al., 1990). Permeability can be compared to the electrical conductivity. Within the 

reservoir, engineering permeability is defined according to Darcy's law, (i.e., hydraulic conductivity). It 

is dependent on intrinsic rock properties as packing, sorting, and grain size, which are a consequence 

of the depositional environment, depth of burial, rock age, and mineralogy (Pyle and Sherborne, 1939). 

Rock permeability is mainly dependant on the type of porosity and pore throats (e.g., liaison between 

pores). There is no linear relationship between porosity and permeability. Nevertheless, a proportional 

relationship between the two variables is deductible, since pore space characterizes permeability, so it 

is necessary that the rock has effective porosity. It is inferred that the higher the porosity value of a rock, 

the higher its corresponding permeability value (Philp, 1985). However, there are lithologies where the 

relationship between the two variables is not proportional, (e.g., pumice rock), where despite the high 

porosity, they have low permeability values or even null due to its pore framework (Philp, 1985). Henry 

Darcy in 1856 in Dijon, designing a water filter fitting for city daily´s requirements, was the first to develop 

a flux equation to infer the water flow rate in porous media. The following equation portrays Darcy´s law: 

𝑄 = − 
𝐾𝐴 △ 𝑃

µ △ 𝐿
 Eq.  (1.8) 

A B 

Figure - 8: Types of porosity following the fabric-selective nomenclature: A  - Classification of carbonate porosity fabric 
selective, based on Choquette and Pray (1970) B - Classification based on diagenetic properties (based on Lucia, 1983) 



 

Where Q is the volumetric flow, (in cm3/s), K is Permeability (in cm2), ∆𝑃/∆𝐿 is the pressure gradient 

(in atm/cm), A is the cross-sectional area (in cm2), and μ represents fluid’s Viscosity (in cP) 

Permeability is the flowing liquid volume per unit area to a specific pressure gradient. The Darcy´s 

equation stated on one hand that the flow rate is directly proportional to the permeability, area and 

differential pressure on the other hand inversely proportional to the fluid viscosity and the length of the 

fluid pathway. Darcy´s law can be written in the function of permeability. From the previous equation (1-

9), it is derived: 

𝐾 =
1

𝐴
𝑋 ( 

−𝑄µ

△ 𝑃/△ 𝐿
) Eq.  (1.9) 

Is widely accepted that Darcy´s law has its limitations. McPhee et al. (2015) identified four assumptions 

of the Darcy´s Law: percolating fluid is inert and does not interact with the rock (that is true only for 

gases like nitrogen or helium); In the second assumption the flow is laminar (unrealistic for high/low 

values of Reynolds number); Third, the fluid should saturate the porous space; Finally, permeability is 

uniform and does not change with the fluid and flow rate, this statement is not applicable to gas due to 

Forchheimer and Klinkenberg effects. The fully understanding of non-Darcy effects is indispensable for 

a correct permeability measurement (e.g., Klinkenberg, Forcheimer effects). The study of this effects 

are beyond the scope of this study. 

1.3.2. Relative Permeability 

The permeability of the rock is an essential parameter for the characterization of the reservoir regarding 

production and dynamic study of the several phases that might be contained in the reservoir (Ahmed, 

2001). The term relative permeability is used when more than two phases are present in the rock. The 

coexistence of more than one phase conditions the ability to the other fluid to flow. Subsequently is a 

direct indicator of the ability of the porous medium to conduct a fluid when it shares the pore space with 

different phases (Corey et al., 1956). Relative permeability is defined as the ratio of the effective 

permeability of a fluid over the absolute permeability of the rock. The permeability can be measured by 

Darcy´s law (Lucas and Darcy, 1999) : 

𝐾𝑟𝑜 =  
𝐾𝑜

K
 ;    𝐾𝑟𝑤 =  

𝐾𝑤

K
 ;  𝐾𝑟𝑔 =  

𝐾𝑔

K
    Eq. (1.10) 

 

Where, 𝐾𝑟𝑔  is the relative permeability of gas, 𝐾𝑟𝑤 is the relative permeability of water, 𝐾𝑟𝑜 is the relative 

permeability of oil, 𝐾𝑜is the effective oil permeability in millidarcy (mD), 𝐾𝑤is the effective water 

permeability (mD); 𝐾𝑔 is the effective gas permeability (mD) and K is the base permeability. 

     

The proper characterization of the relative permeability curves allows the determination of oil production 

and mobility ratio and also the possible oil-water contact (OWC) (AHMED, 2001). Ahmed (2001) claims 

that different pores pathways will displace the wetting phase and non-wetting phase and the spatial 
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distribution is intrinsic of its wettability characteristics. Additionally, the wetting phase has tendencies to 

occupy the smallest pores for low saturation.  

Thus, in producing situations, the wetting phase will not contribute substantially as its saturation 

decreases. The relative permeability of one phase tends to decrease as the saturation of the other phase 

increases. When the saturation reaches minimum values, it is achieved on the one hand the residual oil 

saturation (Sro), in other words, the saturation where the oil does not move, on the other hand, the 

irreducible water saturation (Swir). Within a multiphase flow, the sum of the relative permeability curves 

does not reach one, mostly due to the hysteresis of the capillary effect that inhibits the flow of a phase 

in the presence of another fluid phase (Hassler et al., 1944). This effect can be clearly seen in the 

following figure 9. 

What is standing out in this area (A – figure 9), is the difference between the wetting and non-wetting 

saturation. For the wetting, saturation is at the irreducible state and its relative permeability it is zero. 

The non-wetting saturation has the highest values, however, tends to decrease slightly, which depends 

on the rock wettability (water-wet in this case) and oil-water distribution. For lower water saturation the 

wetting phase tends to occupy the surface of the pores while non-wetting flows freely within the porous 

structure. Thus, is expected a null or little effect on non-wetting phase flow. With increasing of saturation 

of the wetting phase, the relative permeability of the non-wetting phase will decrease. 

In figure 9, for this given area B, what is clearly seen out is the fast decrease non-wetting relative 

permeability phase and an increase on wetting relative permeability phase. Wetting phase starts to flow 

when the saturation of water is higher, which will steady increases as long as the non-wetting phase is 

displaced out of the system. Figure 9 illustrates that the wetting phase starts to flow at relative non-

wetting low saturation. For the lowest non-wetting saturations, the majority of pore space will be 

occupied by water.  

The non-wetting phase suffers a steady decrease until it reaches the immobile saturation (figue .9 C). 

The immobile saturation refers to the residual non-wetting saturation. From this point ahead, the non-

A B

 

C  

Figure - 9: Relative permeability and saturation values with physics concepts (Dandekar, 2006) 



wetting phases cease its flow. The non-wetting phase will be distributed within isolated pores. For this 

area, the total permeability of both phases is lower than one.  

Xuetao et al., (2017) identifies common relative permeability curves characteristics for systems 

composed of two phases. Whether the wetting phase or non-wetting, there is a minimum saturation for 

any of the fluids have a continuous flow. When now-wetting phase saturation is lower than one hundred 

percent, its relative permeability may be close to 1. Nevertheless only the wetting phase can have one 

hundred percent of saturation. When two phases flow the relative permeability simultaneously is always 

lower than one. 

For a drainage process and an imbibition process different relative permeability curves are measured. 

This outcome is due to the various methods that dictate the spatial fluid distribution of the fluids (Xuetao 

et al., 2017). The determination of the relative permeability curves may be achieved by coreflooding 

experiments (Ghedan, Canbaz e Mtawaa, 2009).  

1.3.3.Representative elementary volume 

Rock descriptions assent primarily in the most commonly measured properties, such as porosity and 

permeability, usually done in samples in order of meters, centimeters or micrometers. For routine core 

analysis (RCA) and digital rock physics (DRP), it is essential to assure that the sample has the 

representative elementary volume (REV). Different methods exist in literature to access the REV, 

although may be defined as the minimum volume beyond which the properties of the domain do not 

change (Bear, 1972). REV is a minimum volume that the sample needs to have for a proper 

representation of the heterogeneity of the rock. Nevertheless, it should be noted that the REV is inherent 

of the property to be acquired, that is permeability REV may not be the same volume as porosity REV, 

in fact, the first is generally larger due to its intrinsic properties (i.e., long-range correlations in the flow 

field). A system may have several REV´s, each one inherent to the specific property and its length scale, 

as shown in figure 10. 

  

A B 

Figure - 10: A - REV concept for one variable  ; B- REV concept for several variables adapted from (Bear,1972) 
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2. CORE CHARACTERIZATION 

 

This chapter contextualizes  all the steps taken from the sample reservoir location to the laboratory and 

highlights some theoretical background about in-situ properties as well give some insights about 

conventional and special core analysis.  

Trough detailed study of cores and cutting samples, pivotal rock properties are retrieved. From the core 

samples, the information will be given to all the earth sciences, such as reservoir engineers, 

petrophysicists, completion engineers and geologists (figure 11). Most of the times, cores and cuttings 

might be used to recover representative information about the reservoir, source, seal, hydrocarbon 

saturation and maturity. Core analysis may obtain relevant properties, such as porosity, permeability, 

capillary pressure, wettability and relative permeability.  

There is no clear evidence of when core analysis was first applied, although Pyle and Sherborne, 1939 

pointed out that the increasing use of core analysis begun around 1930. Numerous studies have 

attempted to explain methods and procedures regarding core analysis; some authors focus more on the 

typical RCA methods (RP40, 1998), others highlighted the physical phenomena behind the methods 

(Xuetao et al., 2017), as well give detailed insights into special core analysis (SCAL) (McPhee et al. 

2015), finally and equally important (McPhee, 2012) emphasized the best core analysis procedures to 

get most and reliable results.    

Cores make available vital data for the exploration, evaluation, and production of oil and gas reservoirs. 

Rock samples offer the guarantee of the presence, distribution, saturation and might expose the 

heterogeneity in the reservoir which could not be detected by indirect measurements, such as well 

logging and seismic, due to the inherently limited resolution. Monicard (1980) claims that core analysis 

is a fundamental technique of paramount importance for performing optimized field developments and 

obtain the highest recovery factor. The potential advantage of using core analyses techniques is that 

minimizes the uncertainty. Core analyses through RCA and SCAL contribute extensively to rock 

characterization.  

Figure - 11: Schematic representation of the usefulness of core characterization (Xuetao, 2017) 



Core analysis helps the formation characterization, and the outcomes are crucial to field development 

plan. The geoscientist as first glance uses routine core analysis to evaluate the porosity, fluid saturation, 

permeability, grain density, texture, and lithology. Additional analysis is frequently done, likewise, core 

gamma logging for correlating core depth with wellbore logging depth, rock computed tomography to 

visualize rock heterogeneity and core photographs for documenting the core (Mark A. et al. 2013). The 

reservoir model may be partially constructed based on properties derived from the core samples, such 

as porosity, permeability, and fluid saturation and merged with properties from indirect measurements. 

At the initial stage of development where there are scattered wildcats, the information derived from the 

cores are helpful to rock heterogeneity interpretation. Within drilling, coring procedures cannot be 

retrieved from the bottom to the top of the formations. Hence at this stage to achieve the best prediction 

about spatial lithologies and fluids distribution of a given area is accomplished by the integration of data 

obtained by coring with non-invasive methods.  

For later stages of field development plan, the core information is fundamental to space well 

optimization, recognition of the gas-oil contact (GOC) and oil-water contact (OWC). Moreover plays a 

vital role in stratigraphic and structural correlation (Monicard, 1980). Monicard (1980) notes that the 

primary objective of core analysis is to quantify the probably available space for hydrocarbons for a 

given reservoir, thus calculate the fraction of space which contains hydrocarbons. Finally, calculate the 

fraction of hydrocarbons that may be retrievable through the means available.  

Despite the numerous benefits, the core analysis does not entirely reproduce the heterogeneity and, 

above all, the anisotropy of the reservoir, since the anisotropy is dependent on the scale analysis. There 

is a tendency of isotropy for tiny samples. All the geoscientist should be aware of intrinsic formation 

anisotropy at different scales and attempt to sample cores within strategic locations to accurately 

characterize the formation and building a reliable field development plan. 

The field development plan assents mainly in the expected income value. Consequently, all the costs 

concerning the study of the reservoir (e.g., coring and core analyses) should be analyzed. In fact, the 

coring is most of the times avoided due to its logistical procedures (e.g., bit changes) and also its high 

prices (e.g., slowest tripping). The need to collect core for analysis is proportional to the degree of 

complexity, uncertainty, and heterogeneity of the reservoir.  

Core analysis does not have to standardize measures and procedures as happens in soil mechanics, 

rock mechanics for civil engineering purposes. The lack of standardization leads to universal poor-

quality results due to core analyses programs poorly designed and poorly supervised. These lack of 

standards might lead to unrepresentative results that will feed unreliable models. Notwithstanding the 

recommended practice for routine core analysis (RCA) in (RP40, 1998), where a complete description 

of the acquisition, handling and screening and RCA are given it does not report special core analysis 

(SCAL) practices. 

2.1 CORING, CORE HANDLING, AND CORE PROCESSING 

To a fully detailed rock study there is a vital need to have representative values of the reservoir 

properties. From the deep reservoir site to the laboratory some intrinsic properties are modified, which 
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can lead to alteration of the spatial and volumetric distribution of fluids within reservoir rock pore space, 

alteration of the rocks pore texture and mineralogical properties as well alteration of rocks wettability 

(McPhee, Reed e Zubizarreta, 2015). Mcphee (2015) notes that 70 % of the core analyses are refutable, 

mostly due to unreliability, inapplicability or inappropriateness. The former author argues that is the 

outcome from a combination of factors, such as poor inter-laboratory data comparability, lack of proper 

core-test design, historical inadequate reporting standards and intense market competition. 

For retrieved reliable values is pivotal a meticulous process during the several phases, such as 

acquisition (e.g., coring), handling and transport (Skopec, 1994). During the acquisition phase, the core 

is subject to higher gradients of pressure and temperature. Mcphee et al. 2015 identify some causes for 

differential pressure and temperature, such as external stress release, temperature reduction, exposure 

to non-native fluids and differential pore pressure dissipation. Inadequacy tripping velocity causes the 

pore pressure dissipation. Thus the core is subject to undesirable higher internal pressures. When the 

critical core pressure overpowers, the core internal pressure potential damage will occur. The differential 

pressure happens mainly due to pressure release higher for higher tripping velocities. The most critical 

part is the last hundreds of meters during tripping. There are numerical models already build to predict 

possible damage given tripping velocity CFD developed by (Zubizarreta et al., 2011). 

There are numerous approaches, used for assessing rock representativeness. Accordingly, that can be 

accomplished by the right choice of the drill bit, sampling type, tripping time and finally the transportation 

mode. The transport is mainly dependant on the core type. Mcphee et al. 2015 explain detailed all the 

transport mechanism that should be accompanied for proper core handling and transportation. Is 

therefore essential that all the steps that were taken by a given core be appropriately described, from 

the tripping process to laboratory measurements. The attained results are always dependent on the flow 

processing. This essential safeguard process will be helpful to futures re-analyses on that given lithology 

or area. (RP40, 1998) recommends some exemplary flow charts to preserve all the process inherent to 

a sample. 

2.1.1.Core Representativeness 

According to Santarelli (1991) core damage is a source of problems for proper rock study. The “true” 

reservoir properties are not realistic to achieve due to the coring process itself. Nevertheless, it is crucial 

to be able to quantify core damage before study. Several techniques have been developed to quantify 

the core damage. Rather than have an optimal method, Santarelli (1991) the best-fit method is 

dependent mostly on sample lithology. The results are damage estimation values.  

2.1.2. Rock Quality Index 

Amaefule et al., 1988 cited in McPhee et al., 2015 provides a method to quantify the rock 

representativeness by the rock quality index (RQI) value and the flow zone indicator distribution (FZI). 

The FZI encompasses the geological attributes, such as texture and mineralogy with the discrimination 

of pore geometrical hydraulic units. Amaefule argues that capillary pressure, relative permeability, and 

electrical properties may be distinct by well-defined ranges of FZI values. The FZI is calculated with the 

following equation: 



𝑅𝑄𝐼 = 0.0314√
𝑘

𝜑
 

 

Eq.  (2.2) 

 

𝜑𝑧 = 
𝜑𝑒

(1 − 𝜑𝑒)
 Eq.  (2.3) 

 

𝐹𝑍𝐼 =  
𝑅𝑄𝐼

𝜑𝑧

 Eq.  (2.4) 

 

Where  𝑘 is the permeability (mD), 𝜑𝑒 is the porosity and 𝑅𝑄𝐼 is the rock Quality Index (µm) 

2.1.3. Recovery method  

Recovery rate method is in function of the ratio between the length of core drilled and the length of the 

core extracted. This difference permits to obtain a preliminary estimation of core damage. 

Notwithstanding the inaccuracy due to the vast origins for low recovery index, is a fast and effective 

method.  

RI = Core length / Perforated length Eq.  (2.5) 

Values above 100% indicate a dilation and expansion of the minerals. 

2.1.4. Disturbance Index 

This method is preferentially used in poorly consolidated rock formations that tend to expand during the 

extraction process. In situ porosity is calculated using saturation data and specific densities, assuming 

no free gas in the porous spaces, alternatively using the logs of gamma-ray or resistivity can be inferred 

the in-situ porosity. When the value of ID is 10% corresponds to a volume increase of approximately 

30%. 

 2.1.5. Acoustic speed 

 This method is based on assumptions such as the rock is isotropic regarding texture, and the elastic 

properties are isotropic in the reservoir. Then a compressional wave velocity is measured along the 

core; then the resultant anisotropy is extrapolated as the core damage.  

CQI = Vpax / Vprad Eq.  (2.6) 

Where CQI is core quality index; Vpax is the axial compressional wave velocity ; Vprad is the radial 

velocity of the compressional wave. Following the assumptions, for undamaged cores, CQI should be 

equal to 1. 
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2.2 ROUTINE CORE STUDY AND SPECIAL CORE STUDY 

Core analysis is generally classified into two different types: routine core analyses (RCA) also know as 

conventional core analysis (CCA) and in special core analysis (SCAL). For most RCA and SCAL 

analyses, a prior cleaning and dried procedures are mandatory. The clean processing used by RCA is 

similar to that SCAL. The purpose of the cleaning is to remove all fluids from the rock (e.g., water and 

oil), on the other hand, for SCAL analyses it is, first to render the core water-wet. The best-fit method 

for cleaning and drying is dependent on lithology, petrography, potential wettability (Hunter et al., 2018).  

There exist some differences between RCA and SCAL. RCA is a successful method for faster and 

preliminary estimation of the rock properties while SCAL is a widely-used method to retrieve accurate 

results from the samples. Notwithstanding with the lack of standards Mcphee et al., (2015) suggests 

that the RCA core may have one diameter inch and a length one or two times the diameter. For the 

SCAL the rule of thumb say that the core should have one and a half inches of diameter and a length 

with one or two times the diameter. The former perform tests such as porosity at stress, formation 

resistivity factor, resistivity index, cation exchange capacity tests, drainage, imbibition, capillary 

pressure, wettability, relative permeability tests under different flow state and nuclear magnetic 

resonance (Mcphee et al.,2015). Routine core analysis is frequently called for porosity, permeability, 

and saturation measurements on dry cores at ambient conditions, most of the times using only a single-

phase fluid (Mcphee et al.,2015).  

2.2.1. Reservoir stress and temperature estimation 

To be able to represent the reservoir conditions is essential, the proper characterization of in-situ rock 

stresses and inherent temperature. Most of the times are only used for SCAL experiments, however, 

might apply to RCA tests. The main force's actions at the reservoir are mainly uniaxial, mostly due to 

lithostatic loading (figure 12). The absence of the overburden pressure effect and temperature in the 

properties calculation might lead to inaccurate measurements. Subsequently is of paramount relevance 

include the overburden effect and temperature in the rock measurements (Bagcı et al.2006).   

The term reservoir effective stress has been used to describe the in-situ reservoir properties and may 

be characterized by the total stress minus the pore pressure:  

σ′ = σ − α 𝑝
𝑝
 Eq.  (2.7) 

 

Where, σ′ is the effective Stress, σ is the total Stress, 𝑝𝑝 is the Pore Pressure and  α is the Biot´s poro-

elastic constant.  

 

 

 

 Figure - 12: Schematic representation of reservoir in-situ tensions. Adapted from (Mcphee 2015) 
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3. DIGITAL ROCK PHYSICS 

 

This chapter aims to introduce the core properties and its natural fluid flow behavior at micro-scale. This 

chapter ties together the various theoretical and empirical strands to provide a comprehensive 

background regarding the ground-breaking digital rock study.  

In recent years there has been a growing interest to characterize the geological, topological and 

petrophysical rock properties at the microscale, based on Digital Rock Physics (DRP) (Noe-Nygaard et 

al., 2017). Imaged-based modeling of petrophysical properties is fast becoming a key instrument in field 

development plant, for oil and gas industry. This outcoming arises mostly due to the time-inefficiency 

process of the RCA. In fact, to derivate the rock properties through RCA, depending on rock type, the 

measurements may undergo through weeks or even months to be complete. This time-consuming step 

will inhibit a faster field-development process and might augment the costs associated. A practical 

advantage of using DRP is the possibility to infer the permeability for the three directions (e.g., x,y,z). 

Furthermore, DRP can generate reliable properties based on larger drills cuttings size, which can be 

very useful and diminishes the time inherent to coring trips (Blunt et al., 2013). There have been some 

studies to predict fluid flow behavior where the majority of simulations had reliable results. 

DRP is accomplished by three main steps, such as imaging step where the rock is fully characterized 

at pore scale, it can be used at different scales from microscope-scale to nano-scale. Second processing 

step, where the images are subject to filtering and segmentation to enable further simulations on the 

given pore framework. Finally simulate the physical processes on the pore network to infer the desirable 

rock properties ( figure 13).  

3.1 IMAGING TECHNIQUES 

The pore structure may be inferred by three different approaches. First is obtained by direct imaging 

(e.g., micro-CT or nano-CT), second is through statistical models and finally by simulating the packing 

of grains followed by the geological process (Wildenschild and Sheppard, 2013). This thesis does not 

engage the former method either the statistical techniques.   

3.1.1 Transmission x-ray microtomography  

The transmission x-ray microtomography (micro CT) is one of the more practical ways to retrieve 

information from the tiny samples. The micro CT uses individual projections to reconstruct the internal 

Figure - 13: Schematic representation  of typical digital rock workflow from Berg (2018) 



structure of the rock. Micro-Ct is the widely-used technique in numerous fields such as biology, 

electronic, geology materials science and oil and semiconductor industry.  

The properties of the rocks are retrieved due to the interaction of photons with the rock material. This 

happens because the photons are absorbed, scattered, diffracted or transmitted through the rock 

(Matrecano, 2011). In simple terms,  X-ray are generated by physical processes  in a tube, where a 

cathode emits electrons. The electrons are first accelerated by an electric potential difference and 

subsequently broke during a collision with an anode (Matrecano, 2011). When near the solid, the 

electrons suffer a deceleration and immediately produce radiation (Matrecano, 2011). M.Matrecano 

(2011) argues that just a small part of the energy is converted to radiation. This outcome happens due 

to the loss of energy as heat. The Lambert-Beer law gives the attenuation suffered by a wavelength λ 

inherent to the x-rays, considering a homogeneous object (Matrecano, 2011). The next equation shows 

the Lambert-Beer law:  

𝐼 = 𝐼0𝑒
(−µ𝑥) Eq. (3.1) 

 

Where 𝐼 is the attenuated intensity,  𝐼0 is the incident radiation, and µ is the linear attenuation coefficient 

and the𝑥  distance between source and material. 

 There can be seen that 𝐼 is dressing in the function of distance (x), showing that 𝐼0 are attenuated as 

they pass the solid. Also that the mass attenuation coefficient is property independent of the physical 

state of the material (Matrecano, 2011). For rocks where the attenuation coefficient is sufficient higher 

the incident x-rays will only penetrate a short distance, while for lower values of attenuation coefficient 

the penetration length will have a higher penetration for the same amount of energy. The Lamber-Beer 

law is only applicable for pure the monochromatic beam. This means that the source emits only 

monochromatic beams. The atomic electron density and the bulk density of the rock material will 

parametrize the attenuation coefficient (Wildenschild and Sheppard, 2013).   

Different low-X-ray energies the photoelectric absorption will differ on the dominant parameter to infer 

the attenuation. Specifically, for low energies from 50 – 100 keV will be strongly dependant on atomic 

number. For energies ranging from 5-10 MeV, the attenuation will be controlled by electron density. 

Then for photon energies higher than 10 MeV pair production2 mainly drives the energy. Wildenschild 

and Sheppard (2013) note to classify material with variable composition properly needs a reasonable 

variation in attenuation coefficients. The desired sample is rotated when it receives the x-rays, next a 

two-dimensional digital radiography is generated from the attenuated x-rays as it shows in figure 14: 

                                                   
2 Pair production – Results in complete attenuation of the incident photon, derive from the interaction of 
a strong electric field with a photon, accordingly may happen for incident photo energy higher than 1.022 
MeV 
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In oil and gas industry, the x-rays have mainly a polychromatic emitting source. A spectrum of x-rays 

and wavelengths composes this type of source, nevertheless (Blunt et al., 2013) argues that the 

absorption of one X-ray beam mainly drives the interaction between X-rays and matter. 

3.1.2 Focused Ion Beams 

There exist other suitable methods to infer rock structure as focused ions beams. This technique 

retrieves the pore structure as very fine-scale. That can be performed using scanning electron 

microscopy (SEM) or Focussed ion beams. For the nanoscale, it is possible to retrieve images to the 

scale of typical pores founded in the unconventional reservoir as shale gas and shale oil (Blunt et al., 

2013). The limitation of this approach is that the outcoming images are two-dimensional, and the 

connectivity in three-dimensional images is unknown (Dong e Blunt, 2009). Nevertheless, with the use 

of FIB/SEM, images of three-dimensional high resolution is generated. In simple terms, the ion beams 

generate several slices within a sample then sequential SEM images are obtained. Notwithstanding with 

the magnitude of resolution, only thin samples can be studied.  

3.1.3 Statistical reconstruction 

The reconstruction of the pore framework might be achieved through the use of statistical methods 

where synthetic three-dimensional structures are generated from two thin dimensional sections (Bakke, 

2002). Two most commons statistical methods are the multi-point method and object-based methods. 

The former simulates the packing of the mineral and simultaneously the diagenesis (Strebelle, 2002). 

The multipoint statistics is mainly used to extract and preserve patterns from a given data (Blunt et al., 

2013). These methods, combined with images of different resolution, is reliable to extend the 

representation at multiple scales (Berg et al., 2018).  

 

 

 

 

Figure - 14: Schematic representation of a typical tomography setup from Wildenschild ( 2013) 



3.2 CONVERSION FROM RAW IMAGES TO MODEL 

 

3.2.1 Segmentation 

Segmentation is one of the most successful techniques for determining the pore framework. A reliable 

pore framework can be generated from segmented data. From the grey images obtained by x-rays, 

further steps will transform into binary images. Binary images which characterized the pore space and 

the rock will be generated through processing and segmentation as shown in figure 15. Typical 

processing steps are filtering, segmentation, and post-processing (Berg et al., 2018). For the different 

phases of processing different approaches may be taken. The reconstructed slices can be rendered to 

build a virtual 3D model of the rock.. Then the image is segmented to a binary image. The outcomings 

from the micro-CT have plenty of artifacts. (Berg et al., 2018) Specifies some common artifacts and 

noise, such as statistical noise (i.g. shot noise and rings), systematic artifacts inherent to detector-related 

defects and finally X-ray-specific artifacts (e.g., beam hardening and phase contrast) (Sheppard et 

al.2004 cited in (Berg et al., 2018)). The segmentation step becomes harsh if the with the presence of 

artifacts. Shot noise and rings may overlap pore and grey levels in the inherent histogram leading to 

thresholding methods unacceptable. The formers may be attenuated by the application of filtering, for 

instance, median filters, anisotropic diffusion, nonlocal means filter or edge-preserving smoothing. The 

former is the main applied filter class (Wildenschild and Sheppard, 2013).  

Segmentation in DRP tomography field describe the identification image process of its discrete materials 

and convert to a binary image, usually represented by white and black (Schladitz, 2011). Segmenting 

an arbitrary color image may find the image segment of interest or identify connected regions (Iassonov, 

Some researchers have identified the foremost segmentation methods (Wildenschild and Sheppard, 

2013)(Dong and Blunt, 2009)(Hunter et al., 2018)(Otsu, 1979). Before segmentation is fundamental to 

retrieve the proper intensity values from the rock. To infer the rock intensity values are used to select 

thresholds values to divide the rock in void space and rock matrix. The void space of the rock and the 

rock matrix can be spatially classified in voxels3 by an absorption contrast tomogram. The values of the 

absorption contrast tomogram are dependent on the following properties, such as density, atomic 

number and structure, and the energy of the incident X-rays. These properties dictated the value of X-

ray attenuation that is proportional to the intensity value.  

                                                   
3 Voxel – Is a volume component, symbolizing a value in 3-D space, corresponding to the minimum resolution, in 
other words, stands for a pixel for a given slice thickness. 
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Given the range of intensity value, it is chosen a threshold, to separate void space/rock. The threshold 

can be selected by the operator or might be used in automated methods . Two of the most well-known 

tools for assessing images thresholds are, for two-phase systems the nonparametric method suggests 

by (Ridler, T.W. Calvard, 1978), second the k-means clustering, for any number of phases proposed by 

(Porter and Wildenschild, 2010). The choice of automated or manual methods depends on the operator, 

some studies highlighted the excellent results of proper segmentation (Porter and Wildenschild, 2010), 

in contrast, Iassonov et al. , (2009) claim that automated schemes gave unreliable results. 

Notwithstanding the thresholding simplicity, is therefore crucial a noise-reduction prior or after 

segmentation or even use a noise-tolerant segmentation method (Blunt et al., 2013).  

For performing noise-reduction, there exists extensive techniques to perform it. Anisotropic diffusion and 

Bayesian information techniques are two of the most commonly-used methods for executing noise-

reduction. The former methods are always helpful to reduce the information content of an image, may 

be equally important to assist pre-segmentation steps. Bayesian methods using Markov random fields 

is one of the most successful methods for segmentation. This method minimizes a global cost function, 

accordingly is a very computational-demanding method (Wildenschild e Sheppard, 2013).  

From the segmented data, it is possible to retrieve multipoint statistics inherent to the geometry of the 

rock.   

3.2.2 Multipoint statistics 

The multipoint statistics from the segmented data may give crucial statistical data. It is possible to 

retrieve from multipoint statistics data, the integral geometry of the pore framework. The integral 

geometry includes the main measures, such as the four Quermass integrals (i.e., volume, surface area, 

integrated mean curvature, and integrated Gauss curvature or Euler characteristics) (Dong e Blunt, 

2009). At this stage, properties as porosity may be estimated by counting the number of voxels inherent 

to each phase (Wildenschild e Sheppard, 2013). From multi-point statists derived from CT-SCAN 

images is possible to generate a consistent 3D pore model and subsequently predict the physics of the 

fluid flow. 

Figure - 15: Schematic representation of the segmentation process. Adapted from ( Iassonov., 2009) 



Notwithstanding with the importance of the other properties inferred by Quermass integrals, the Euler 

characteristic is topological invariant, in other words, a property of an object that remains equal under 

deformation. From a homolog theory but beyond Euler characteristic is standard to contemplate the 

family of Betti numbers β1  (Wildenschild e Sheppard, 2013). Inherent to Betty numbers β0 stands for the 

connected components  β1 is equal to the object´s surface (e.g., rock matrix) β2 stands for the void 

isolated voids. Figure 16 shows the betty numbers.  For this specific case, the Euler characteristic might 

be given : 

𝑥 = β0 - β1+β2 Eq.  (3.2) 

 

Where 𝑥 is the Euler Characteristic; From this situation, the Betti numbers can be assumed as composed 

of the Euler characteristic (Wildenschild e Sheppard, 2013). There are certain problems with the use of 

topological measures. Likewise, they are extremely noise sensitive. Also, the small features, are 

similarly weighed like the larger ones (Robins, Wood e Sheppard, 2011). Blunt et al. 2013 argues that 

can be optimized with the use of numerous filters. Nevertheless, discrete morse complexes algorithms 

offer a reliable option to treat topological data  (Wildenschild e Sheppard, 2013). 

 

In recent years, topological methods have been growing, leading to optimization of the skelonitization 

process. Likewise, the Betti numbers the family of distance transforms may fully characterize the pore 

structure. Various distance transforms may be applied. However, Euclidean distance transform is 

commonly used. This method assigns the distance between each voxel inherent to the pore space to 

the adjacent non-pore voxel. Similarly, with maximal ball method (MB) this method be the radius of the 

largest sphere within the pore space centered in the voxel. A key advantage of using distance transforms 

is that the morphological opening by Euclidean spheres, and its usefulness in two-phase fluid flow 

(Neidell e Stark, 2018). However, the former author claims that this method is not sensitive to surfaces 

smaller than the two principal curvatures.  

 

3.3 PORE NETWORK GENERATION 

To reproduce a model where the different fluid flow can be simulated is crucial that two-dimensional 

images be converted to solid and fluid phases. The conversion from raw images to rock phases is 

Figure - 16: Betti numbers (a) single sphere (b) two disjoint spheres; (c) torus) (d) double torus (e) cubic frame; from 
Wildenshild (2012) 
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accomplished with different techniques and algorithms. There has been a growth in the number of 

techniques and algorithms to transform raw images into rock phases, such as minerals, fluids, and pores 

(Dong e Blunt, 2009).  Various methods have been employed to determine the pore structure. (Blunt et 

al., 2013) identifies some relevant methods to construct pore framework from raw images, such as the 

medial axis based method, maximal ball method (MB).  

3.3.1 Maximal ball method 

The former method converts the pore framework into a medial axis. The medial axis is the reflection of 

the pore framework in a smaller portrayal. Additionally acts as a topological skeleton that mimics the 

pore throats through different algorithms either by a thinning algorithm, or a space burning algorithm. 

Blunt et al., 2013 suggests that the pore-space portioning can be authenticated by local minima along 

throats and by nodes in the pore body. This method is suitable to identify larger pores, but trends to 

determine a cascade of smaller elements (Dong e Blunt, 2009). 

Focus on the center of the voxel this algorithm search for the largest circle within the voxel until the circle 

cross grain or the limit of the voxel. The resultant spheres that cross each other are eliminated. 

Subsequently, the remnant spheres are considered the maximum balls, where the most massive 

spheres may be identified as the pore bodies and the smallest balls are identified as throats ( figure 17). 

 

The MB were used to characterize a Fontainebleau sandstone by Silin et al. (2006). Later Al-Kharusi 

and Blunt (2009) continued to improve the method, including sphere clusters. Moreover (Silin and 

Patzek, 2006) extended the work of  (Dong and Blunt, 2009), introducing a parametrized geometry and 

interconnectivity from images to pore space.  

 

 

 

 

 

Figure - 17: Pore modeling of a Fontainebleau sandstone porosity a) , maximal balls in the pore space from (b) (Silin and 
Patzek, 2006) 



3.3.2 Medial axis 

The medial axis has a significant advantage over other methods because mathematically conserves the 

pore space topology ( figure 18). Although this method is not easy to identify the pore space coherently, 

therefore, clean processes are used to remove redundant information inherent to pore skeleton. The 

clean processes are fundamental mostly due to the intrinsic sensitivity analysis of the algorithm to noisy 

images (Dong e Blunt, 2009). Additionally, the pores include more than one medial axis junction. 

Therefore, there is need to merge more than one algorithm to sleek the skeleton and merge the 

connections(Dong e Blunt, 2009). 

Nevertheless, it is imperative to be aware of the range of realistic coordination numbers4. (Nunes, 2016) 

conclude that the outcomes from this method can be problematic if not being examined by real flow 

simulations, add that this method captures well the interconnectivity but have some problems in 

identifying the pores.  

3.4 FLUID FLOW THROUGH THE PORE MODEL 

The three-dimensional pore model is the base to predict fluid flow through a porous medium (Nunes, 

2016). In general terms, two approaches enable the characterization of fluid flow and transport, such as 

Eulerian and Lagrangian approach. First focuses on one fixed position in which the fluid flows as time 

passes, second the fluid motion is trailed as it moves through space and time. Moreover, it is possible 

the use of the two approaches together (Nunes, 2016). Blunt et al. 2013 identify two ways to compute 

inherent fluid flow properties within the pore space, such as direct modeling and Network modeling. 

3.4.1 Direct modelling 

Direct modeling consists firstly of the discretization of the void space, through the construction of a 

cartesian grid resulting from a binarized three-dimensional image. Later the computed flow, its inherent 

motion, and collision of particles are simulated on the given network. 

There are two primary methods to compute the flow equations both based on deterministic models. First 

computed by the finite difference or finite volume discretization of the Navier-Strokes equations. 

                                                   
4 Coordination numbers – Commonly used in several sciences to physically transcribe complex 
geometries and/or forces. In DRP refers to the number of independent throats linked to a pore.  

Figure - 18: Segmented image of sandstone (a), Network extracted using medial axis algorithm (b) (Sheppard et al. 2005) 
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 The finite difference methods are one of the most widely-used techniques to solve incompressible flow 

at pore scale (Yao et al., 2018) as well different applications of forward modeling (Aghaei and Piri, 2015). 

The other approach employs the Lagrangian methods. Correspondingly, moving particle semi-implicit 

(MPS) (R, S e A, 1999); smoothed particle hydrodynamics (SPH) (R, S, and A, 1999), additionally exist 

mesh-based methods.  

The MPS method infer the motion of each particle through interactions with nearest particles. The most 

commonly-used algorithm based on this method is the Lattice Boltzmann, where the notion of aggregate 

particles is tracked on a lattice (Rhodes et al. 2008). The Navier-Strokes equation governs the predicted 

behavior. Ihmsen et al., 2014 argues that it is accessible to code and suitable for parallel computations 

and works for one phase fluid flow as well for two-phase fluid flow. The author notes that even with 

parallel computation, this method has a lowest computational efficiency.  

The SPS employs Lagrangian methods of the Navier-Strokes equations (Ihmsen et al., 2014). Manwart 

et al. (2002) argue that the main characteristic is that this method is appropriate for parallel computation, 

but at the same time introduce more flexibility to predict fluid properties and within inter-particle 

interaction compared to the (LB). For further research on SPH, it is recommended (Fatt, 1956). Manwart 

et al. 2002 claim that there is no definitive reason to choose one computational method over another 

since both produce similar outcomes with equative time.  

The main disadvantage of direct modeling approaches is the computational demanding for slow-flow of 

multiple phases, due to irregular fluid-solid interfaces and deformability of fluid-fluid interface (Aghaei 

and Piri, 2015). 

3.4.2 Network modelling 

In network models, the pore framework is characterized by a network of idealized pores and throats  

(Dong and Blunt, 2009). The first detailed study where network modeling was built and by (Fatt, 1956). 

The first study had as objective study the analogy between flow in porous media and random resistor 

network to infer relative permeability and capillary pressure for drainage process (Dong and Blunt, 

2009). There has been a significant development since the first model is constructed. In the current days 

within network modeling, the models may support different rock properties such as irregular lattices, 

wetting layer flow, arbitrary wettability, and any sequence of displacement in two and three phase flow.  

Additionally, support a variety of natural fluid flow physical properties including non-Darcy-flow, phase 

exchange, non-Newtonian displacement, reactive transport and thermodynamic consistent oil layers 

(Rhodes et al. 2008). Pore network models may be classified into two main categories, such as quasi-

static model and dynamic model.  

The quasi-static model assumes the that the pore space takes placed on threshold capillary pressure. 

This technique model does not include the viscous and gravity forces. For another point of view, the 

dynamic model implements a complex pore scale geometry. Accordingly, the computational costs are 

higher. However, due to its pore complexity geometry, they integrate viscous and gravity effects on their 

computational calculations.  
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4. MATERIALS UNDER STUDY: GEOLOGICAL SETTING, 

PETROGRAPHIC AND MINERALOGICAL CHARACTERIZATION 

This thesis encompasses the completion of laboratory work in two distinct outcrop carbonates with a 

mixed methodology of two methods. The first is an oolitic carbonate rock and belongs to Leiria, Portugal 

(Ferreira et al., 2016). The second is a calcarenite carbonate (ITGE, 1991) a belongs to Jaen, Spain. 

The two methods applied simultaneously to characterize in a longitudinal way the two rock type were 

coreflooding and DRP. Two programs were used for a proper DRP analysis, PerGeos, and Sendra. 

This chapter contextualizes the study by providing background information about rock geological setting, 

namely tectonics, basin deposition, and mineralogy. The chapter first gives a brief overview of the 

geological setting of each rock. Secondly analyses the data gathered by X-diffraction and addresses the 

mineralogical composition of each rock. The final section gives a brief review and critique of the findings. 

4.1. Oolitic limestone geological setting  

The first specimens used for this study belongs to an outcrop which lies in the Lusitanian Basin, placed 

in the Western Iberian Margin. The accommodation for the sediments in this specific basin was created 

due to the sequence of rifting events that generated the opening of the North Atlantic Ocean (Ferreira 

et al., 2016). The outcrop selected for use in the experiment belongs to the Middle Jurassic. During the 

Bathonian (167M.y), the Lusitanian basin was a carbonate ramp depositional system (Ferreira et al., 

2016). Ferreita et al. (2016) reported that the units were mainly deposited in the inner ramp, where the 

rock specimen used for this study belongs. Subsequently, shallow water facies dominated. The crop out 

topography is a bank of the valley, with an NW-SE fault coincident with a water table (Ferreira et al, 

2016) A longitudinal study of the outcrop topography by Pinheiro et al. (1996) reports that the fault, 

which can be clearly seen in the zoom in, was reactivated throughout Miocene compression. Figure 19 

portrays the location of the outcrop withdrawal 

 

Figure - 19: Geographical location of the study. Geological map at scale 1:1000 000 and 1:50 000 (Ferreira et al., 2016) 



The boundaries where the rock emerges is delimited respectively by the following cities, Leiria, Ourém, 

Tomar, at North by Torres Novas in the East, by Alcobaça in the West and by Rio Maior in the South. 

The outcrop was retrieved in Serra dos Candeeiros. The rock is an analogous formation of the  Brazillian 

pre-salt reservoir (Ferreira et al., 2016). The rock is dated from the Middle Jurassic and belongs to Santo 

António and Candeeiros Formation, Codaçal member (Azerêdo, 2007, cited in Ferreira et al, 2016). The 

author identified three barrier shoreface lithofacies: the first level with oolitic and bio-intraclastic 

grainstones, second level coarser grained grainstones/rudstones and the third level with coral/algal 

biostones.  

Throughout this dissertation, the term sample will refer to the core plug. To the best of our knowledge, 

this sample is a small-grained oolitic grainstone according to Dunham classification (Dunham, 1962). 

Accordingly, oolitics are developed in the seafloor by precipitation of calcite around small particles. The 

oolitics have a limited range size, as a rule no more than 0.8 mm for this specimen. Additionally, well 

rounded to spherical shape is one of the oolitics intrinsic character, witha calcite structure precipitate 

around the central nucleus. Furthermore, it is apparent from the figure 20 that the specimen has mainly 

a bimodal allochem population, encompassing small spherical to elliptical oolitics and a small 

percentage of siliciclastic grains (mainly quartz).  
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Figure - 20: A - Illustration of the oolith population B- Differentiation between matrix and ooliths C- Original matrix aspect 
before the use of HCl D- Illustration of the oolith concentric layering 
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The block where the plugs derived from does not show signals of significant discoloration extent. The 

surface characteristics were remaining possibly unchanged. The original texture seems to be preserved. 

Likewise, the grain boundary condition appears to be tight.  

4.2.  Calcarenite limestone geological setting 

Throughout this work, bioclastic calcarenite samples were also used. The samples were extracted from 

Jaén, Hoja de Alcala la Real, Spain,(figure 21) where is mining by Piedra Natural San Pedro S.L. as an 

ornamental rock (Gómez and Medina, 2002). This formation is entirely conditioned by the continental 

events, such as the Atlantic ocean rift and all the process intrinsic to the open of the Atlantic Ocean. 

This major event determines all of the paleogeography during the Jurassic and Cretacic (ITGE, 1991). 

 

 

Additionally, the alpine orogeny plays a critical role in the final structure of the mountain range. The first 

phase of deformation manifests as vertical fractures due chiefly to differential subsidence (ITGE, 1991). 

After, during Cretacic and Paleogene, the basin continues unstable, resulting in the presence of 

turbidites, slumps, and breccia (ITGE, 1991). The extensive study of tectonics is beyond the scope of 

this thesis and, for a more comprehensive review, see the Magna 990 (ITGE, 1991).   

The rock used for the study dates the Tortonian age, precisely 11. 62 Ma. Within this Age, this area was 

passing by a marine cycle, of regressive character. It is believed that the specimen facies belongs to a 

Figure - 21: South Spain geological map from (Gómez e Medina, 2002) 



coastal bar (ITGE, 1991). ITGE states that this carbonate was originated by subtidal coastal 

sedimentation.  

A mineralogic study conducted by ITGE (1991) described the primary minerals of the rock, calcite (89%) 

and quartz (11%). Furthermore, the same author highlights that the rock study may come from coastal 

barriers related to coastal drift currents, illustrating the last regressive episode of the zone. ITGE (1991) 

comprehensive review concluded that the carbonate has an allochem population mainly constituted by 

foraminifera and algae. The carbonate specimen contains micrite and sparite in an equitative share 

(ITGE, 1991) concludes that the bioclasts appear replaced by micritic calcite and, within the holes, 

sparite calcite stands out. The insoluble residue is mainly composed of detrimental clasts. According to 

(ITGE, 1991), the rock has a density of about 2500 g/cm3, additionally has a porosity of 28%. 

To the best of our knowledge, this rock is a bioclastic calcarenite boundstone, with a visible 

macroporosity as can be clearly seen in figure 22. Seems to indicate interparticle and intraparticle 

porosity. It is apparent that the bioclastic features in the following figure. Closer inspection of the zoomed 

figure shows dark minerals within the grain framework. 

The whole rock does not show evidence of substantial discoloration extent . Additionally, the original 

texture appears to be preserved. Likewise, the fragments seem to be intact, that is without significant 

changes due to burial compaction. This characteristic allows the most significant volumes of fluid flow 

through the pore framework.  

 

 

 

1cm 

Figure - 22: Macroscopic view of the calcarenite 
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4.3.  Mineralogical composition 

To accurately obtain the different mineral composition of the two carbonate specimens, a chemical 

analysis was conducted, namely the “acid test.” This technique is widely known for the corrosive capacity 

of hydrochloric acid over carbonate formations. Subsequently, hydrochloric acid (𝐻𝐶𝑙) was used to infer 

the mineral content besides carbonate grains and matrix. The slang term acid test technique was used 

for identifying and estimating the rock composition. A practical advantage of using this method is that 

one can distinguish the non-carbonaceous particles of carbonate in a fast way. The overall reaction 

might be a draw as follows : 

𝐂𝐚𝐂𝐎𝟑 (𝐬) + 𝟐𝐇𝐂𝐥 (𝐚𝐪) →  𝐂𝐚𝐂𝐥𝟐 (𝐚𝐪)+ 𝐂𝐎𝟐(𝐠) +  𝐇𝟐𝐎(𝐥) 

For the purpose of mineralogical analysis, a 105.33 gr piece of calcarenite and a 40.30 gr of Oolitic were 

retrieved for analysis. Both samples were totally emerged in HCL (80%) and 𝐻2𝑂(20%) in a beaker. As 

soon as the acid encountered the carbonate minerals, the reaction started, and effervescence was 

noted, due to the release of 𝐶𝑂2. Once the samples were completely dissolved, the samples were placed 

in the oven before weight the particles.  

The reliable characterization of the mineral composition of a rock specimen has a significant advantage 

for consistent results in predicting rock wettability for two-flow phases or three-flow phases. This 

procedure was applied to both samples. Once the completion of the reaction, the rest of the particles 

non-soluble in HCl were  transferred from the beaker to a watch glass, respecting the protocol. Following 

this treatment,the non-carbonate fraction was weighed  (figure 23) . The detritus resulting from the 

reaction is well portrayed in table 2. 

Table 2 - Weight of the different classes after the acid test for the rocks. 

Sample Initial weight Residue (gr) 
Fine Sand 

<1mm) 

Fine 

(<200µm) 

Ultra-fine 

(65µm) 

Oolitic 40.3 0.02 0.02   

Calcoarenite  105.33 2.73 0.25 1.8 0.68 

Figure - 23: Insoluble residue derived from the calcarenite rock (mainly quartz particles) 



After the completion of the acid test, the whole rock and the residue resultant from the test passed an 

x-ray diffractometer to fully characterize the mineral composition. The characterization of the entire rock 

and waste was carried out, separately in X-Ray diffractometer (Panalytical X´PERT PRO model), via Cu 

Kα radiation. The analysis was performed with the program High Score Plus and using the PDF2 

database. The sample was ground in an agate mortar.  

The measurement parameters are shown in the following table 3. 

Table 3 - DRX Parameters 

 

Following the analysis of the spectrometry, the mineral composition is determined. From the data in 

figure 24, it is apparent that the high presence of calcite hinders the minor amounts of other components 

of the rock. For that reason was of paramount relevance the second diffraction comprised only the non-

carbonaceous part of the rock to elucidate the minor elements of the rock.  

 

 

Sample Angle Step Size Scan Step Size Generator Settings 

Oolitic 2θ (5–70 °) 0.033° 148 s 35 mA, 40 kV 

Calcoarenite 2θ (5–70 °); 0.033° 74 s 35 mA, 40 kV 
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Figure - 24: Calcarenite diffractometry 
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This figure 25 is quite revealing in several ways, first, unlike the figure 24, make possible to retrieve the 

minor components of the rock. Second is likely to prove that the black minerals are not organic matter. 

Moreover, third, the general pattern recorded with a ball-shaped form that might indicate the presence 

of ferrigenous minerals composition. The further study pointed out to hypothesis to be chlorite. However, 

the exact determination of these minor constituents is beyond of this study.  

 

For the oolitic the results show that the rock is mainly constituted by calcite. The results obtained 

regarding the Oolitic carbonate from the diffraction analysis are presented in figure 26  
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Figure - 25: Calcarenite residue fines diffractometry 

Figure - 26: Oolitic carbonate diffractometry 
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5. EXPERIMENTAL PROTOCOL AND METHODOLOGY 

 

This chapter brings together the lessons from the literature review, and subsequently, a best-fit approach 

was chosen to employ in further steps in this work, to accurately infer the properties of interest. A holistic 

approach is used for this investigation integrating the data obtained from coreflooding, digital rock fluids 

analysis, and forward modeling to characterize the rock properties. The significant advantage of using 

a mixed method approach is that the results of the outcome from each method can complement the 

other process. In fact, based on microscopic behavior, some macroscopic behavior may be estimated 

and understood. 

Many researchers have applied core-flooding apparatus to measure permeability, relative permeability, 

capillary pressure, and inherent properties (Todd et al., 1990; Ghedan et al., 2009; Ahmdi, 2018). 

Coreflooding is one of the most successful and reliable methods for estimating oil recoveries, such as a 

waterflooding scheme as well in enhanced oil recovery techniques. The core-flooding system plays a 

fundamental role in foreseeing oil recoveries. 

The core-flooding apparatus is composed of core holders, displacement pump, hydraulic pump, an 

automatic arduino-based weighing system and secondary tools like desiccator, caliper, and a scale. To 

perform core-flooding, three main steps are mandatory: core drying, core saturation, and water-flooding. 

The core drying process is performed by a conventional oven. The saturation process was achieved 

using a desiccator. Finally, the water-flooding process was completed by the displacement pump, core 

holder, and automated weighting system.  

In recent years, there has been an increasing interest in inferring the properties of the rock in a faster 

way. Recent advances in computer engineering have facilitated the core investigation core through 

digital rock physics (DRP). DRP approach may be helpful to understand the fluid behavior at the 

microscale. Through this technique, one can aim to infer quantitative analyses and visualize the pore 

body size distributions and pore body types, as well as pore throats and pore throat size distributions, 

evaluate the connected and isolated porosity and calculate the absolute permeability as well. A potential 

advantage of using DRP is the multidimensional permeability approach in one experiment while for 

typical core analyses, at least three operations will be needed.  

The proposed methodology for this study is illustrated in the following figure 27.  



 

5.1.  Material 

For the purpose of this thesis, the laboratory work was carried out in the Laboratory of Geosciences and 

Geoengineering (GeoLAB) of CERENA (Centro de Recursos Naturais e Ambiente) of Técnico Lisboa, 

Universidade de Lisboa. 

Data for the successful completion of this study were gathered from multiple sources during October 

2018 and December 2018. The laboratory work has been executed mainly in two periods. The first 

period encompasses 14 weeks non-consecutive from October  2017 to March 2018. This period covered 

the construction of the coreflooding apparatus and performing the water flooding method in the oolitic 

plugs. 
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Figure - 27: Flow Chart illustrating the methodology used for this thesis 
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Secondly, a period within November and December 2018, that encompassed the acquisition for 

waterflooding method in the calcarenite plugs, as well the computation of fluid dynamics of both 

specimens. Two different samples were carefully analyzed in terms of basic rock properties, such as 

porosity and permeability through coreflooding and Digital Rock Physics.  

The former methods are currently the most popular methods for investigating rock properties. For the 

successful completion of this study, several materials and software were used. The next section will 

highlight the essential equipment used and some of their primordial functions. Firstly the materials for 

the coreflooding technique followed by the materials/software needed for DRP. 

5.1.1. Core drill 

In order to investigate the properties of the rocks, it was vital that the specimen geometryis adapted to 

the size of the core-holder. Prior to analyzing the rock, the rocks were cut using the core drill (figure 28) 

5.1.2. Core plugs  

The individual core plugs were cut following the standards enounced by McPhee (2012). Thus a rule of 

thumb was followed, which rules that the core plug should have a length correspondent to one to two 

times the plug diameter. For this thesis a total of nine cores were used, four calcarenites (B1, B2, B3 

and B4, and five oolitic plugs ( C1, C2, C3, C4, and C5) prepared as illustrated in figure 29 below. 

 

Figure - 28: A - Core drill used B - Ilustrates the block where the rock was extracted with the courtesy of LabGEO 

Figure - 29: Illustrates  the calcarenite cores used for this study 



5.1.3. Core holder  

Core holder is one of the most widely-used tools for gathering information about reservoir rock 

properties. This instrument might play different roles, including the determination of permeability, 

porosity, compressibility, wettability, capillary pressure, relative permeability, resistivity, and enhanced 

recovery simulation. There is some variation in core holders from geometric variations (e.g., horizontal, 

vertical) to changes in the way the stress is applied ( e.g., biaxial and triaxial). The core holder used in 

these laboratory study was grounded on a traditional Hassler core holder, as it shows the next figure 

30. 

 

5.1.4. Digital Caliper   

Digital Caliper is used to measure the core length and diameter. Through a linear encoder, the 

measurements are obtained. This caliper is very precise; the resolution reaches the 0.01 mm. A practical 

advantage of using a digital caliper is that minimizes visualization errors and optimize the reliability of 

the results. 

5.1.5. Pharmacia p-500  

Chromatography pump has the function of injecting fluids at a given constant pressure and flow rate to 

the core holder, aiming to simulate the conditions of the reservoir. The pump selected for conducting 

this study was Pharmacia P-500, which have a flow rate range within 1-499ml/hr variable in steps of 1 

ml/h. It allows an operating pressure of 4.0 Mpa (40 bar, 580 bar) up to 200 ml/hr and 2.5 Mpa (25 bar, 

360 bar) in the range 200-499 ml/hr. It achieves a flow rate precision better than 1 % over 8 hours at 

160 ml/hr with the same solvent and temperature. Materials of wetted parts Fluoroplastics, titanium, and 

borosilicate glass, which permits the use of corrosion liquids that can be used for enhanced simulations 

techniques.  

 

 

 

 

Figure - 30: Schematic representation of the Core Holder used for this study 
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5.1. Image processing and analysis 

PerGeos was the software program chosen to conduct the digital rock study. For the purpose of rock 

properties research through image processing and analysis, there is much suitable software in the 

present date(PerGeos, Geo Dict, Palabus, and synobars, etc). 

5.1.1. PerGeos 

PerGeos Software allows generating computational fluid models based on imaging techniques derived 

from different sources, such as Micro-Computerized Tomography (µCT) and Scanning Electron 

Microscope (SEM). This software allows to reconstruct, segment, extract, and measure data from the 

images through powerful algorithms.  

It integrates different workflows and modules for each area of interest. This software is suitable for 

different areas such as Geology, Petrophysics, Reservoir Engineering, and Core analysis. Regarding 

Geology it encompasses different extensions such as pore-space characterization, grain-shape 

analysis, high-Z mineral segmentation, and distribution analysis, core CT image assembly, fracture dip 

and strike analysis, vugular pore-space characterization, pores, grains, clays, organic matter 

quantification and organic versus mineral pores analysis. (Pergeos, Manual 2018)  

Petrology modules are created to provide an easily automated workflow for petrophysicists. This module 

enables the petrophysiscist to calculate the petrophysical properties and investigate the pore statistics 

carefully. Petrophysicist module incorporates the following extensions, such as fluid flow simulation and 

permeability calculation, electrical fluid flow simulation (formation factor calculation), mercury injection 

capillary pressure simulation, pseudo-log generation, co-visualization of a core CT image, wireline logs, 

unwrapped core image. (Pergeos, Manual 2018) 

The Reservoir Engineering module comprehends four extensions, such as relative permeability, 

capillary pressure, resistivity index calculation, and two-phase flow simulation. For a core analyst, 

PerGeos provides multiple tools for examining experimental data. Additionally, it is possible to perform 

simulations of physical phenomena inherent to rocks through image data. Finally, the software 

incorporates multiscale imaging, that means it is possible to analyze different types and size of the input, 

such as whole Core-CT, micro plug, 2D SEM, and FIB-SEM. (Pergeos, Manual 2018) 

5.1.2. Sendra Software 

This software belongs to the Weatherford Petroleum Consultants. This software allows easy-friendly 

computation of the core analysis performed in the laboratory being replicated in the software. The fluid 

flow simulation through the pore space, imbibition, and drainage a considered for the two-phase system. 

Secondly, also computing the capillary pressure curves, it is possible to predict the estimated recoveries 

accurately.  

5.2. Characterization techniques 

This section is concerned with the methodology employed for this laboratory study. It was decided that 

the best method to adopt for this investigation was to integrated coreflooding analysis with x-ray 

tomography. Taking into account the applications of both methods is possible to constrain uncertainty 



and error inherent to both procedures. Nonetheless, different information is extracted from these two 

procedures.  

On the one hand, the DRP approach is the main non-invasive method used to estimate porosity and 

permeability. It is suitable for microscale. On the other hand, the coreflooding technique estimates the 

parameters in the most direct way and is ideal for macroscale. Taking account of all the potentialities of 

the two methods, an experimental procedure was developed.  

5.2.1. Experimental Technique Corefloding Development 

To successfully infer the properties of the rock (porosity and permeability), an experimental apparatus 

was created in GEOLAB. The prerequisites for conducting experiments are very stringent. Coreflooding 

needs to be carefully set up to obtain reliable data. The need for proper installations is imperative, 

respectively, a laboratory room where it is possible to assemble all the apparatus with all the inherent 

security standards. 

The critical requirements for coreflooding are, specifically, a core holder , which can withstand with the 

reservoir  pressures, a pump that can inject at sufficient flow rate in order to simulate reservoir conditions 

and measure the inherent permeability and finally one transducer to infer accurately the inlet pressure, 

the use of a supplementary transducer will add reliability to the results. Lab-based apparatuses impose 

an additional constraint, in that the specimen must be small such that the geometric form coincides with 

the size of the core-holder. For the successful completion of the former task after the coring, 

subsequently, a polish step was executed with the aim to fit the core in the sleeve.  

The general procedure common to coreflooding process consists of the following: 

1. Coring 

2. Drying 

3. Saturation 

4. Waterflooding 

The procedures were carefully applied to the specimens of both rock materials, namely Oolitic carbonate 

and bioclastic calcarenite rock. There are no standards inherent to the diameter and the length of the 

cores. Nonetheless, the procedure given by McPhee et al. (2015) was followed for the best reliable 

experiment. In the first place the rock was plugged in several samples using a coring machine. Then, 

the core plugs were respectively marked, specifically 𝐶1,4, for the Oolitic carbonate and 𝐵1,4, for the 

calcarenite. Once the samples were extracted, it was first necessary to accuratelly measured the cores. 

For this purpose, the cores were measured using a caliper. 

5.2.2. Liquid Saturation Method 

To infer the porosity, two parameters has to be unveiled, such as grain and pore volume. Various 

methods have been employed to quantify the pore and the grain volume of a rock sample. Specifically, 

the helium gas porosimeter, summation of fluids method, mercury displacement method, and liquid 

saturation method.  
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It was decided that the best method to adopt for this investigation was to apply the liquid saturation 

method, considering the available period. This method implies that the sample is fully immersed  in 

water with a known or assumed density, for this thesis, we considered 1𝑔𝑟/𝑐𝑚3. To accurately infer the 

effective pore volume of the core plug, this procedure was followed:  

1. Drying, for this step the samples stayed 24 hours at a temperature of 106ºC inside the oven, 

with the purpose to retrieve the reminiscent water; 

2. Saturation, the samples were lodged inside a desiccator were they stayed in a total of 24 hours, 

rather than a continuous pressure was applied a vacuum pressure for one hour. The vacuum 

pressure was set up 0,35 bar. After the vacuum pump was turned off, the sample stayed in the 

desiccator for 23h; After saturation steps the, the sample was accurately reweighed until  a 

precision within +- 0.001gr is achieved. Through the bulk volume obtained by caliper, it is 

possible to infer the effective porosity.  

Once the completion of the saturation step, the process of permeability estimation was carried out.  

5.2.3. Waterflooding 

The permeability measurements were performed in a transient state. The fallof method was employed 

to quantify the fluid passage through the rock specimens. The fallof method implies that the sample is 

at atmospheric pressure while the fluids are at higher pressure when releasing into the inlet. During the 

experiment, the decay of the pressure will occur in a way that the foreseen pressure at the outlet will be 

the atmospheric pressure (1 atm). The core holder used for this study is displayed in figure 31. The 

scheme apparatus are shown in figure 32. Prior to undertaking the permeability measurements, the 

cores pass through several preparation steps. 

 

Figure - 31: Core Holders used for this study 



 

 

Figure - 32: Illustration of the laboratory scheme used for this study. Source: The author 

Prior to starting the waterflooding test, it is mandatory to follow the procedure, firstly, logistics to insert 

the core inside the hassler core holder. For this purpose, it is necessary to carefully open the core holder 

and slot in the rock specimen. After, the outside core holder compartment is filled with hydraulic oil until 

the desired confining pressure is reached. After this, the following step is to set up the desired pressure 

and flow rates.  

Rather than use the same pressure values and flow rates, it is necessary to set pressures and flow rates 

for each specimen adequately. Given the knowledge of the bioclastic sample itself a first core (i.e 𝐶1) 

was used to well-defined the values of pressure, and injection flow assure the good conductance of the 

experiment. Following the tests, it was obtained results; it was decided to impose in this specimen a 

confining pressure of 200, 225 and 250 bar and an injection flow of 150, 200, 250ml/hr. In the same 

way, a core belonging to the Oolitic formation was flushed in a way to test the rock in terms of possible 

confining pressures and flow-rate injections and for these specimens the confining pressures and flow 

rate injections were respectively,  50, 100, 150 bar and 3, 6 and 9 ml/h, respectively. The final stage of 

the corefloofing comprised in the acquisition of the permeability values. 

This previous step was crucial to have reliable results. Subsequently, there was a need to record the 

pressure inherent to each timestep. Finally, through the application of Darcy’s Law (eq.1.9), the 

permeability value is estimated. 

This method has certain drawbacks associated with the use of caliper, subsequently may be tainted 

with human errors. Additionally, the lack of using a second transducer at the inlet might have skewed 

the results. Moreover, experiments with fluids in tight rocks such as the Oolitic carbonate are an 

additional challenge due to long acquisition times. As the fluid flow through the porous medium, the 

pressure in the inlet will rise due to the geometric complexity of the porous framework. This physic 

constraint implies a limitation in the range of possible flow rate use for this rock specimen. A significant 

problem with both experimental methods is that it was executed with ambient temperatures, rather than 

high temperatures. Additionally, there are disadvantages associated with the lack of aging step process.  
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5.3. Experimental Technique Microtomography Development 

A combination of laboratory work and simulation through computational fluid dynamics was the goal of 

this study. The former technique was achieved with the use of microtomography imaging. The imaging 

work was carried out at GeoLAB/LAMPIST using the µCT scanner Skyscan 1172 figure 33.  

In DRP analysis, the key elements are a work station and an x-ray tomography. A series of X-ray 

radiographs were taken to both rock specimens. Compared to the coreflooding method, this one, in 

contrast, is a non-destructive method. Providing a direct way to infer the rock skeleton as a volumetric 

representation. The image analysis through microtomographic scanning processes has conventionally 

grounded in six principal procedures according to (Maurício et al., 2013), such as : 

1. Selection of adequate sample 

2. Acquisition,  

3. Slice reconstruction,  

4. Rendering,  

5. Result analysis  

6. Interpretation.  

Therefore, and quoting, first, a series of views through the sample (i.e., digital radiographs are taken 

along different directions) are registered. Then, these views are recombined mathematically into an a 

cross-sectional map (slice image) of the specimen’s X-ray absorptivity using microtomography 

instrumentation. The chosen experimental scanner settings conditions for the studied samples consider 

the following parameters: XX, YY, ZZ axis isotropic pixel spatial resolution, voltage (100 kV), current 

intensity (100 µA), random movement and frame averaging. The last ones were chosen in order to 

minimize the imaging noise. During information acquisition, digital X-ray radiographs were recorded at 

different angles during step-wise rotation between 0º and 180º around the ZZ axis. The fundamental 

physical parameter quantified in each pixel of a CT-image is always the X-ray linear path intensity 

attenuation coefficient. To obtain 3-D information from the digital radiographic images produced by the 

µ-XCT, reconstruction software package had to be applied to those projection images. The images 

always contain a certain amount of noise that should be reduced. The X-ray microtomography operation 

procedure was optimized to produce the best images by reducing artifacts like beam hardening, ring, 

Figure - 33: Skyscan 1172 equipment used for CT scanning 



star, and line artifacts as much as possible. To reduce these artifacts, an Al-filter was placed between 

the X-ray source and the object to attenuate the low photon energies. Line artifacts are bright lines due 

to abnormally bright pixels in the detector during one radiograph. Very dense inclusions can create 

secondary radiation resulting in star artifacts, also reduced by the Al-filter. Ring artifacts appear as 

circles centered on the rotation axis and are caused by detector inaccuracies.  

Accordingly, the sample is subject to a series of radiographs taken by the microtomography azimuthally 

as is illustrated the figure 34.  

 

A typical sample for this acquiring technique is well-illustrated in figure 35 

 

Figure - 35: Typical sample used for CT-Scan analysis 

Figure - 34: Illustration representing the acquisition of the carbonate specimens Source: The author 
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During all this work was carried out (20 acquisitions), with the aim to find the best-fit acquisition. In this 

way, to find the best tomographic scanning acquisition conditions, an heuristic search process was 

performed. The following table 4 display six acquisitions relevant to the study investigation.  

 

   

 

What stands out in the table is the lengthy acquisition time. For each specimen, several trials were made 

that result in high time consumption. Taking into account the two samples, it was necessary to generate 

several acquisitions with the primary objective to improve images signal to noise ratio, although only 

some were used to create static and dynamic models. In summary, It was considered three scanning 

conditions: one regarding Oolitic carbonate; and the two other regarding the calcarenite. 

The scanning settings found inherent to the three acquisitions are displayed in table 5 below: 

 

Table 4 - Cross-sections of micro-CT intrinsic to each experiment 

Name: Calcarenite 7 

Voxels: 2344x2344x2186 

Resolution / Scale: 7.06 µm / 16549 µm 

Scan Time: 3h57 

Name: Calcarenite 8 

Voxels: 1992x1824x1777 

Resolution/ Scale : 9.23 µm / 16.836 µm 

Scan Time: 4h00 

Name: Calcarenite 9 

Voxels: 1636 x 1544 x 1888 

Resolution / Scale : 12.49 µm / 19285 µm 

Scan Time: 2h48 

Name: Calcarenite 9a 

Voxels: 972 x 956 x 1767 

Resolution / Scale: 17 µm / 16252 µm 

Scan Time: 3h57 

Name: Oolitic 

Voxels: 1873 x 1512 x 1520 

Resolution / Scale : 4.89 µm / 7394  µm 

Scan Time: 5 h 33  

Name: Oolitic 

Voxels: 1964 x 980 x 1830 

Resolution / Scale: 2.17  µm / 2126 µm 

Scan Time: 4 h 22 



Table 5 - Acquisitions of Ct-Scan parameters 

 

5.3.1. Segmentation 

After the completion of the imaging step through µCT, the next step is segmenting the images through 

binarization. In this study as a first approximation, the rock samples can be considered composed of 

two phases, a solid carbonate matrix, and voids. This means the tomographic reconstructed images can 

be divided (segmented) carefully into two phases, namely void and grain space. The process of 

segmentation for a two-phase encompasses the use of a cut off based on the absorptivity intensity 

values of the rock grain. To create a threshold whereas some zones will be classified as rock and the 

other zones as pore volume.  

To date, there has been no standardization intrinsic to the binarization process. Subsequently, in order 

to minimize errors, several approaches have been employed to quantify the volume of space that is void 

and the volume of space that is solid, firstly through PerGeos software and secondly through the Sky 

Scan Software. 

First trough the PerGeos Software, several steps were taken until the threshold for label definition is 

reached, specifically: 

a) Non-local means filter;  

b) Edge Preserving Smoothing;  

c) Unsharp Masking. 

d) Binarization 

The first three steps have the objective to smooth the boundary between grain and void and, finally, 

binarization. This procedure was selected for the Oolitic carbonate. However, for the calcarenite, this 

 Oolitic Calcarenite Calcarenite 

Size 1964 x 980 x 1830 1992 x1824x1777 636x 1824x1777 

Pixel resolution (µm) 2.17 9.23 17 

Voltage / Current intensity 100 kV / 100 µa 100kV / 100 µa 100kV / 100 µa 

Random Movement 5 5 5 

Ring artefact correction 0.20 0.20 0.20 

Slices 837 840 768 

Angular Range 212° 211° 197° 

Angular Step (zz) 0.35 (0° -180°) 0.35 (0° -180°) 0.5 (0° -180°) 
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process had a negative impact on the images by blurring the images. For this reason, it was not selected 

for further analysis in the calcarenite.  

A different approach was followed, with the SkyScan software. The process was achieved through 

manual interaction, hence is highly dependent on the user criterion. Is crucial that the threshold selected 

is suitable for a global pattern, which means that a local threshold may not be acceptable for all the 

slices. Therefore it is essential to assess how to match global and local binarization carefully visually. 

To control operator biases, due to discrepancies from user to user, a set of binarizations with different 

thresholds (a kind of sensibility analysis) were applied as a preliminary assessing step to the 

consequences of the binarization step the more thoroughly possible.The sensitivity analysis inherent to 

this step incorporates three threshold steps.: 

1.  The lower threshold;  

2. The intermediate threshold 

3. A broader threshold. 

The mode of processing applied for the three binarizations is similar. Nevertheless, the static range 

threshold used differs in each one of them.  

The sensitivity technique demonstrated the importance of the standardization role, mainly due to the 

disparity of the output (table 6). After the completion of the binarization process, all of the parameters 

calculated afterward will rely intensively on the results of the binarization process. Generally, the size 

intrinsic of the pore balls and pore throats is singularly dependent on the binarization step. Furthermore, 

the computed hypothetical path to the fluids flow is reliant on the binarization step. Finally, it might be 

concluded that for reliable results of porosity and permeability, the binarization step is crucial.  

Table 6 - Porosity values intrinsic to each binarization step 

 

The application of this sensitivity technique attempts to identify the best representation of the equivalent 

pore structure and grain framework. As a rule, the comparison was accomplished, comprising slices 

strategically chosen for comparing the original slice and the binarized slice. For each set of images, an 

image was selected from the upper, middle, and down part of the rock specimen. Table 7 shows the 

first binarization that belongs to the down part of the tomographic sample, specifically for the slice 332.  

Name 

Spectrum Range 

Index 

Porosity 

 Bin 70-190 26 % 

Bin 2 80-190 35 % 

Bin 3 90-190 41 % 



From the three binarizations, it is possible to distinguish differences. It can be clearly seen that the 

second binarization does not represent the with veracity the grain skeleton. Specifically, in the middle 

of the sample, it can be clearly seen that exist a mismatch between the cluster pores within this area 

and the binarized image. The binarized image misconstrues the original image. The same pattern is 

observed in the third binarization. The first binarization incorporates the best representation of the pore 

and grain framework. Thereupon this binarized image will furnish the subsequent imaging step, such as 

porosity extraction and permeability computation.  

5.3.2. Porosity and Pore Network Model 

The porosity values are extracted from PerGeos using the module volume fraction. The input desired 

for this module is a labeled or binary image built from the first binarization. This module calculates the 

percentage of volume intrinsic to a binary or label image which may correspond to the grain or volume 

fraction. This step is straightforwardly complete for the reason that we are dealing only with the two-

Table 7 - One digital radiograph, and reconstructed slices (left) binarizations (rigth) . Original , cut off, and threshold 
values, Final binarization. Black line represents 16.836 µm 
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phase system, namely void and grain space.  This module generates the grain volume fraction of a 

binary image.  

It is possible to compute the interconnected porosity through the axis connectivity module. This step is 

critical, since providing the input for permeability calculation and for PNM. 

The PNM reflects the porous skeleton of the rock. The framework itself reveals crucial intricacies of the 

structure and its transport phenomena.  

The PerGeos software allows three different methods for the Pore Network model (PNM) extraction, 

such as statistics and single phase, secondly pore-based 2 phase flow and finally grain-based 2 phase 

flow. The first method is idealized for simulating a flow for one phase, which may be oil, gas, or water. 

The disparity between Pore-Based 2 phase flow and the Grain-Based 2 Phase Flow is that the first 

method has the best performance for cases where the rock grains are poorly defined. Consequently, 

the Pore-Based 2 Phase Flow performs better with carbonates (Pergeos, Manual 2018). 

The input used for computing the PNM is an image with a label interpretation. The image was to be 

adequately defined within the segmentation step. The label upholds the isolate pores individually 

postulated, and the grain also specifies, likewise a boolean function.  

With the pore network, it can be provided the spatial continuity of the pore space. The pore network 

extraction in PerGeos is made by thinning algorithms, which means the preserving or deleting the binary 

pixels according to the rules for the binary 1 and 0 – pattern of its surrounding eight neighbor pixels. In 

2-D, the number of possible 0- and 1- combinations around one pixel is 2 ^8 = 256, in 3-D, the number 

of combinations of 0s and 1s for the 26 neighbors surrounding one voxel is: 2^26= 67 108 864 which 

makes a definition of a wide-ranging set of rules for a 3-D thinning algorithm very tedious (Pergeos, 

Manual 2018). 

The pore network elements such as pore ball and pore throats are extracted, applying the thinning 

algorithms. A comprehensive review about the theory behind the PNM construction can be found in 

Bakke, Øren and A, (1997), Oren, Bakke and Arntzen, (1998) and Øren and Bakke (2003). 

 

5.3.3. Absolute Permeability Simulation  

Within the Software PergGeos, there are three different modules to compute the permeability simulation, 

such as Absolute permeability Experiment Simulation, Absolute Permeability Tensor simulation, and 

through Lattice Boltzmann methods. The former method was not applied for this study due to inabilities 

of the input requires (e.g., cubic voxel). The three methods have distinguished forms to calculate the 

permeability. This section will discuss the theory basics about permeability, secondly the data 

preparation for simulation. 

 

 



5.3.3.1. Absolute Permeability Experiment Simulation 

Module 

Absolute permeability is the measure of the capacity of fluid flow through the rock matrix. Within the 

reservoir engineering, the permeability is defined according to Darcy's law (e.q. 1.8). In PerGeos 

software, the input of the former equation is given by the SI units.  

This module solves the Stokes equation and imposes boundary conditions for the flow.  To characterize 

the flow velocity numerically, the Stokes equations are solved:  

{
               �⃑� . �⃑�  =  0

µ𝛻2�⃑� − �⃑�  𝑃 =  0⃑ 
  Eq.  (5.1) 

Where  �⃑�  is the divergence operator and the gradient operator; �⃑�  is the velocity of the fluid in the fluid 

phase of material; µ is the dynamic viscosity of the flowing fluid; 𝛻2is the Laplacian operator, and P is 

the pressure of the fluid in the fluid phase of the material.  

The equation Eq. 5.1 is a simplification of the Navier-Stokes equation, contemplating : 

1. An incompressible fluid 

2. A Newtonian fluid 

3. Steady-State flow 

4. Laminar Flow 

Once this equation is solved, estimating permeability coefficient consists of applying Darcy’s law. The 

values of this equation can be deduced from the solution of the equation system (Q, ΔP) or are external 

conditions ( S, L, µ ). This is the theory behind the absolute permeability simulation module.  

This module is solved using Navier-Strokes equations, nonetheless enforcing boundary conditions the 

single voxel of the grain phase is added to the image that is not perpendicular to the principal flow 

direction. This procedure permits that the outside sample remains isolated. Thus no flow is going out of 

the system. Is computed in a way that is created a stabilization area where the pressure is quasi-static, 

and the fluid can flow. This module allows the definition of two from three conditions, such as input 

pressure, output pressure, and flow rate.  

Thereby this module represents faithfully the laboratory analysis coreflooding, where an input pressure 

may be defined as well defined a pressure in the exit of the experiment. Another input for this module is 

the flow-rate desired, which is computed to be aseptically constant throughout the whole specimen. The 

permeability values are acquired by Darcy’s Law.  
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The limitation of this module is that it is only supported for a single-phase flow, for multiphase flow is 

need the construction of PNM. The modules incorporate the labeled image and permit the fluid passes 

in the considered fluid phase. The permeability calculation is constrained uniquely by the liquid phase. 

The solid phase is computed as impermeable, and no flow within this phase. There are certain 

constraints regarding the volume used for the apparatus, is imperative the definition of an ROI. Several 

ROI were defined 100^3, 150^3, and 300^3 voxel (figure 36). The time for the experiment correlates 

with the number of voxels.  

5.3.3.2. AbsolutePermeability Tensor Calculator 

The absolute Permeability Tensor calculator module estimates the absolute permeability through a 

tensorial problem derived from the volume averaged form of Stokes equations 

The effective permeability can be well-defined as the influence of the solid phase on the velocity of the 

phase fluid. The method of volume averaging is a technique that realizes a change of scale. The aim is 

to spatially smooth the Stokes equations by averaging them on a volume. This study is unable to 

encompass the entire theory behind this technique, for a comprehensive review of the method is 

counseled the read of Whitaker (1999).  

The theory of volume averaged leads to develop a closure problem. Hence will convert the Stokes 

equations into a tensorial problem. The equation has a high similarity with Stokes equations. However, 

it is a higher order problem: 

{          𝛻
⃑⃑  ⃑. �⃑⃑� ⃑⃑    =   0⃑ 

𝛻2�⃑⃑� 
⃑⃑ 

− �⃑�  𝑑 =  𝐼 
 
  Eq.  (5.2) 

Where �⃑⃑� ⃑⃑  is a tensor that can be considered as the source of the spatial deviation of the velocity, which 

refers to as velocity perturbation field; 𝑑  is a vector that can be considered as the source of the spatial 

deviation of the pressure , which refers to as pressure perturbation field; 𝐼   is the unit tensor.  

The permeability tensor is retrieved from the solution of this problem by inferring the mean value of �⃑⃑� 
⃑⃑ 

 

over the volume V on which the system was solved:  

B A 

Figure - 36: A: Absolute permeability experiment simulation illustration B: Simulation in Calcarenite rock plug in native 
state where the high values correspond to the hot colors and the cold colors to the lowest values of velocity of flow Source 
PerGeos 



�⃑� ⃑
 
=  

1

𝑘
 ∫�⃑⃑� ⃑⃑ 

𝑣

𝑑𝑉 Eq.  (5.3) 

The permeability tensor �⃑� ⃑
 
 gives supplementary information inherent to the intensity of permeability along 

with the three directions of space. Additionally, the eigen values are also computed. The voxel size is 

used as reference length converted to obtain permeability tensor elements. 

The tensorial problem that is solved in the Absolute Permeability Tensor Calculation is closed by 

imposing periodic boundary conditions to �⃑⃑� ⃑⃑  and 𝑑  the geometry. It means that no pressure or flow rate 

can be imposed, in contrast to experiment simulation.  

5.3.3.3. Data preparation 

For the purpose of permeability, the simulation was mandatory for the creation of a smaller ROI box. In 

order to maintain CPU requirements within acceptable time (e.g., less than two days). 

Notably, in this study, the datasets had large volumes. For that reason, there was challenged to perform 

permeability experiment. One of the reasons is derived from the roughest discretization of the voids. 

Hence the solver will start to oscillate locally. To avoid this kind of errors, some precautions have to be 

made to prevent uncertain results and shortsighted higher computational time.  

Therefore to avoid computation problems, the input image have to be carefully prepared. Both 

permeability experiments, such as absolute permeability experiment and tensor permeability calculation 

at t=0 (initial time) all the pores are filled with liquid. Subsequently, all the isolated pores will increase 

the computation time and not sustain flow. Is possible to optimize the simulation by neglecting the isolate 

pores by using the axis connectivity module before advancing for permeability simulation.  

For instance, If the error shows peaks after the convergence criterion, that signifies that the computation 

fluctuates too much due to the drop of pressure at the rock surface, the convergence number was setup 

generally as 0.0001  

This phenomenon is more magnificent with the absolute permeability experiment simulation module. 

When fluid in the chamber brutally meets a hard surface, the time for computing the experiment tends 

to increase. To guarantee a reasonable computation time is imperative to avoid the thin throats. For that 

purpose, the closing step is fundamental to close strategically tiny throats. 

Additionally, it is possible to define a refining coefficient that may be set up 1 or 2. If it is selected two, 

all voxels will be divided by two in three directions of space. This implies a higher time of computation, 

however, will have higher numerical precision. For the purpose of this study, all experiments have been 

carried out using a refining coefficient of 1. This phenomenon is especially recurrent for tight carbonates, 

where the tortuosity is higher.  

5.4. Rock Framework After Coreflooding 

More research was required to develop a deeper understanding of the mismatch between literature rock 

reports (ITGE, 1991). and the obtained coreflooding results. Much of the disparity in permeability values 
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are driven by the difference of the structure for the different confining pressure. For instance, in the 

Oolitic specimen, the structure at the macroscopic view did not show significant evidence of alteration. 

Nevertheless, the stress applied to the Oolitic carbonate was lower.  

Table 8 represents one of the simulations for the absolute permeability experiment of the calcarenite 

plug in a native state where the inputs are described in the following table, as well the image of the 

permeability simulation in Appendix D.  

Table 8 - Parameters used for an absolute permeability simulation experiment 

 

Following these anomalously high results, it was necessary to assess the strength of the rock. To 

compare and simulated most near the coreflooding state. For the purpose of testing the calcarenite rock, 

a strength test was performed, namely the Point load strength test. This test was made according to the 

ISRM suggested methods, specifically Suggested Method for the Determination of Point Load Strength. 

The results showed clearly that we were dealing with an incompetent rock. Hence there was an urgent 

need to reciprocate the DRP analysis taking account the pressures exerted by the hassler core holder. 

The challenge now is to fabricate the pressures applied in the laboratory analysis while doing micro-

tomography scanning. To overcome this issue was scanned a rock fragment extracted from sample B4 

after the completion of the coreflooding.  

The study of the structure of rock after completion of coreflooding contribute to our understanding of the 

changes in rock properties besides structure, such as capillary pressure, porosity, permeability. We test 

the rock in their native state. For this state, we obtained an effective porosity of 25 % and a total porosity 

of 26 %. However, for the after the experiment, the rock porosity reduces. May be easily identified since 

after coreflooding the rock structure is completely reshaped as can be clearly seen in figure 37 compared 

to the original structure. )Under these conditions, the computed porosity was reduced to 9.7%. A 

possible conclusion would be that the rock framework appears not to withstand the confining pressures 

applied (e.g., 250 bar). 

Sample  
Input 

pressure (Pa) 

Output 
pressure 

(Pa) 
Voxel 

Kz 

mD 

Calcarenite 
Absolute 

permeability 
experiment 

1418550 101325 200 20000  

Figure 1 - Visible alteration in rock framework after corefloding experiment 
Figure - 37: Visible alteration in rock framework after corefloding experiment 
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6. RESULTS  

This chapter draws together the key findings, and show the relevant data to protrude from this 

longitudinal study. This chapter is subdivided into three sections. The first section compiles all the 

Porosity results obtained . The second section summarises the principal findings of  permeability 

experiments. The final section draws together these various findings, from these two methods and relate 

them. In this section the term calcarenite1, will be used to refer the calcarenite after the coreflooding 

experiment.  

 

6.1. POROSITY DETERMINATION  

6.1.1. Liquid saturation method 

The data were collected as a necessary step for the coreflooding procedure. The results obtained from 

the liquid saturation method are summarised in the following table 9:  

Table 9 - Results obtained for porosity and permeability for calcarenite and ooliticic limestone cores 

 

What stands out from this table is the effective porosity for each sample obtained by the liquid saturation 

method. The Oolitic core plugs (C1 to C3) have an average effective porosity of 13% and the calcarenite 

(B1 to B3) an average of 25%. The contingent values regarding porosity are inherent to the rock in the 

native state, in other words, not subject to confining pressure.  

6.1.2. Digital rock physics: porosity determination and pore 

network modelling 

6.1.2.1. Oolitic porosity and pore network model determination 

After the completion of the CT-Scan, the result is a rendered image. The CT-Scan of the Oolitic 

carbonate through tomographic was problematic due mainly to the size of the pores and the tortuous 

porous path. The pathway within the fluids may percolate in the order beyond the micrometer that even 

Sample Height (cm) Diameter (cm) Weitghdry (gr) 
Weight wet 

(gr) 
Effective 
Porosity 

B1 10.7 3.8 207.23 237.63 0.25 

B2 10.8 3.8 207.38 237.96 0.26 

B3 10.8 3.8 210.21 239.25 0.24 

C1 9.4844 3.5352 246.6 259.9 0.13 

C2 8.4104 3.751 213.9 227.40 0.15 

C3 9.5744 3.797 252 264.80 0.12 



with a CT scan, was not sufficient to represent the fully extent of the porous framework. The best-fit 

rendered image of the Oolitic carbonate is shown in figure 38 below, where it can be clearly seen the 

moldic porosity intrinsic to the Oolitic sample.  

 

Figure - 38: Rendered Ct-scan image. Oolitic carbonate 

From the Oolitic CT-scan, a ROI box of 537x434x1101 was retrieved for deeply analysis (figure 39). The 

ROI box was relatively small to try to avoid the noise intrinsic to the ring effect.  

 

CBA

Figure - 39: A - ROI Box selected- B- Segmentation threshold C- Oolitic Computed total Porosity. The scale bar: 400 µm 
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Following the analysis of porosity, we assessed the Oolitic PNM (figure 40). A PNM with 2671 pores 

and 5091 throats (figure 41).  

 

 

 

Figure - 41:  Histogram of the oolitic pore radius B- Histogram of the oolitic Throat length 

 

 

 

 

 

A B 

Figure - 40: A – Oolitic Grain Matrix of ROI B- Oolitic PNM of the ROI. Scale bar : 400 µm 



 

6.1.2.2. Calcarenite porosity and pore network model determination  

Turning now the experimental evidence to the calcarenite sample figure 42. In this case, the process, 

to extract a ROI, aims to minimize uncertainty regarding the boundaries of the sample. The original 

sample size is 1992 x 1824 x 1777 µm. The extracted ROI has 1088x 1196x1339 µm. Figure 43 presents 

the results obtained from the extracted ROI.  

1000 µm 

1000 µm 

Figure - 42: Geometric transform applied to the calcarenite sample pass from 1992 x 1824 x 1777 to 
1088x 1196x1339. Source: PerGeos and ct-scanned images. The black scale is 1000 µm 

 

Figure - 43: Rendered Ct calcarenite  
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The porosity may be presented as total porosity or effective porosity, as it shows in figure 44. For the 

purpose of permeability estimation, it is crucial to have more efficiency in the process that all the 

simulations are run with only with connected pore space, logically will decrease the computational time. 

Through the calcarenite, simulation was obtained a total porosity of 26 % for the calcarenite in the native 

state and 25 % of effective porosity. 

Following the porosity extraction, three pore network was constructed for the two specimens, 

calcarenite, and oolitic, respectively. In the first place, the network elements (figure 45) comprise 46944 

pores, 102622 throats (figure 46). Pursuing this further a a PNM of the calcarenite1 was simulated, to 

infer the how much the structure deformed (figure 47) . PNM encompassing 1956 pores and 2880 

throats (figure 48) 

 

Figure - 45: A Histogram of the calcarenite Pore Radius B - Histogram of the calcarenite throat length 

B 

Figure - 44: A- Pore Space framework from the calcarenite rock , B- Pores space framework from the calcarenite rock, in blue 
the effective porosity at yellow the isolated porosity. Source: PerGeos. Scale bar : 3000µm 



 

Figure - 46: A - Illustrates the Grain matrix and the Pore network of the calcarenite rock. B - Illustrate the PNM of the of the 
calcarenite rock. Scale : 3000 µm 

 

Figure - 47: A - Histogram of the calcarenite1 B - Histogram of the calcarenite1throat length, obtaine from the resoective pore 
network model 

 

Figure - 48: A - Illustrates the Grain Matrix of the calcarenite rock after coreflooding experiment. B- Calcarenite. Scale Bar 
400 µm 
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The porosity results obtained by segmentation are summarised in Table 10. 

Table 10 - Porosity values obtained in PerGeos 

 

 

From the data, it is apparent that the porosity results obtained by DRP were within the REV regarding 

the size of the core plug used for coreflooding. Therefore they validate the results obtained by the liquid 

saturation method and other studies (ITGE, 1991); (Ferreira et al., 2016). The following table 11 provides 

the mean, maximum, and minimum for each property of the PNM for both samples. Namely the 

equatitative pore radius, this value is intrinsic to the radius of the higher pore voids considered by 

algorithm a pore ball. Pursuing this further, the coordination number represents the liaisons that each 

pore ball has within the framework. Finally, the throat length and throat radius, that encompasses the 

volume of voids considered for the PNM as the liaisons between each pore ball. 

Table 11 - Results obtained from the PNM for both samples 

 

This table is quite revealing in several ways. First substantiates the information gathered from the 

previous charts. Accordingly, from the table, what stands out is the difference between the pore type 

comparing these two specimens. The Ooliticic carbonate has an average pore equitative radius of 86 

µm; in contrast, the calcarenite has 518 µm. In the same way, the pore throat length differs 207 µm to 

Sample Porosity Connected Porosity 

Calcarenite 0.26 0.25 

Calcarenite1 0.097 0.09 

Oolitic 0.13 0.12 

Sample  
Eq. Pore Radius 

(µm) 

Pore ball 
Volume 

(µ𝐦)𝟑 

Coordination 
number  

Throat 
Length 

(µm) 

Throat 
Radius 

(µm) 

Oolitic 

Min  3 72 0 10 1 

Mean 86 6.75e+05 11.5 207 84 

Max 169 2.03e+07 23 418 168 

Calcarenite 

Min  6 786 0 8 2.2 

Mean 518 2.29e+09 59 582 355 

Max 1031 4.58e+09 118 2674 706 

𝐂𝐚𝐥𝐜𝐚𝐫𝐞𝐧𝐢𝐭𝐞𝟏 

Min  17 20343 0 56 4.6 

Mean 274 3.07e+07 8 658 207 

Max 531 6.28e+08 15 1605 410 



582 µm, and the throat length from 84 µm to 355 µm for the Oolitic to calcarenite, respectively. The 

difference between the two outcrops is massive. The Oolitic shows a pore framework with a tortuous 

and complex path, as it can be seen by the maximum pore ball radius, 169 µm and lower coordination 

number 11.5. Likewise, the throat length and radius reflect the meandering framework of the Oolitic 

comparing to calcarenite. 

Turning now to the experimental analysis in the calcarenite rock, comparing the two results, in the first 

place, it can be seen that the volume associated with the pore ball is higher for the calcarenite1. 

There is a remarkable difference in the equitative pore radius. Following the coreflooding analysis, a 

significant decrease in the Pore Radius from 518 µm to 274 µm. Additionally, the coordination number 

inherent to each pore ball changed drastically. After the completion of the coreflooding analysis, the rock 

narrows the connectivity pathways between each pore. Was registered a decline in the coordination 

number from 59 µm to 8 µm between the two calcarenite and calcarenite1. Lastly, the throat length 

increase from 582 µm to 658 µm.However, the throat radius narrows from 355 µm to 207 µm.  From this 

data, we retrieve the big difference in pore framework between these two specimens. It suggests that 

the framework of the calcarenite rock was totally shaped after the coreflooding experiment due to the 

higher pressures..  

6.2. PERMEABILITY DETERMINATION 

6.2.1. Waterflooding permeability experiment 

The permeability results obtained from the coreflooding method are summarised in the following tables 

12 and 13:  

Table 12 -Calcarenite permeability values for different confining pressures 

 

Table 13 – Oolitic  permeability values for different confining pressures 

 

The difference between the permeability of the two samples is significant. Nonetheless, the application 

of higher confining pressures in the incompetent calcarenite plug forbids a higher variation in 

Sample  200 (bar) 225 (bar) 250 (bar) 

B1 4.16 mD 3.30 mD 3.14 mD 

B2 3.19 mD 2.95 mD 2.74 mD 

B3 1.92 mD 1.30 mD 5.75 mD 

Sample  50 (bar) 100 (bar) 150 (bar) 

C1 0.09 mD 0.0956 mD 0.098mD 

C2 0.091 mD 0.16 mD 0.175 mD 

C3 0.089 mD 0.13mD 0.126 mD 
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permeability. Notwithstanding with all the information retrieved from the coreflooding analyses, it hinders 

the total porosity.  

Turning now to the experimental evidence on the effect of pressure on the permeability. It is widely 

known that with successive increases in the intensity of the confining pressure, the permeability of the 

core decreases accordingly. Surprisingly, this effect did not verify for all core plugs. Concerns were 

expressed about the veracity of the results inferred for the 50 ml/hr due to the readability for lower 

pressure values (i.e., less than 1MPa). 

For the Oolitic carbonate, no statistically relation between the different confining pressures applied and 

reduction of the permeability was found. This result suggests that the rock is highly competent and do 

not deform substantially under these pressure conditions as it can be clearly seen in Figure 49. 

This result is a somewhat counterintuitive and unexpected outcome. Aside from this trend, the core plug 

B1 and B2 belonging to the calcarenite formation suggests a positive correlation between pressure and 

permeability (figure 50) notwithstanding with the strong possibility to the B3 plug failed within 

coreflooding tests.  

 

 

 

 

 

 

Figure - 49: Permeability vs pressure for Oolitic plug 



 

 

 

6.2.2. DRP Permeability simulation  

To validate the coreflooding, research was conducted through computational fluid dynamics, a 

simulation where the conditions used in the laboratory can be reciprocated. 

The simulation has as input parameters the fluid viscosity , the pressure difference △P (or the 

input/output pressure and the fluid flow rate) and the direction the pressure flow is applied. For the 

purpose of sensitivity technique, as the experiment has three variables and the program authorizes to 

parametrize two. Therefore we used to the same ROI intrinsic to the calcarenite (17µm) but with different 

inputs. For the first one, we consider the input pressure 1.00e+06 Pa and flow rate 4.17e+10 (µm3 s-1) for 

the second one we considered the input pressure 1.00e+06 Pa and the output pressure 101325 Pa. For 

the rest of the inputs we defined the water viscosity (1cp) , then for the simulation, it solves the Stoke 

equation explained in Section 5.4.5. 

 The results are illustrated in the following table 14. 
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Figure - 50: Permeability vs pressure for the calcarenite plug 
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Table 14 - Comparing results obtained for the same ROI with three different input simulations 

 

The single most striking observation to emerge from the data comparison was to observe the mismatch 

between the two absolute permeability experiments. The more surprising was the difference between 

the first and the second experiment. This is a disappointing outcome, hence the results of the two first 

experiments should be in the same order of values because it was supposed to simulate the same test 

but with different inputs. For this reason, further analysis of both samples was computed through the 

permeability tensor since it is believed is the one that most represent the integrity of the rock parameter. 

Table Appendix C provides the results obtained for every permeability tensor calculator experiment 

simulation for each ROI. Taken together, these results suggest an average permeability of Kx 6.9 mD, 

Ky 10.3 mD, and Kz 4.84 mD. What is interesting about the data of this table is the visible variability 

within the experiments constrained by 1003 Voxel. With successive increases in the volume of interest, 

the values of permeability start to convey to less uncertainty, it  may suggest that the REV for 

permeability is within 3003. However, limited data do not permit further conclusions. 

The simulations for the 1503 and 3003 are displayed in figure 51 and 52, and the results and the ROI of 

each experiment in the following tables 15 and 16. Regarding the Oolitic sample, it was computed for in 

1003 (Figure 53). Therefore these results likely merely reflect the selection effect (table 17).  

Sample  ROI  Voxel 
Kx 

mD 

Ky 

mD 

Kz 

mD 

Calcarenite 
17 (1) 

Absolute 
permeability 
experiment 

13161.9 
9613.78 
6650.6 / 
14880.9 
11332.8 
8370.25 

100 704 1953 1758 

Calcarenite 
17 (2) 

Absolute 
Permeability 
Experiment 

13161.9 
9613.78 
6650.6 / 
14880.9 
11332.8 
8370.25 

100 2522727 2577315 2585154 

Calcarenite 
17 (3) 

Absolute 
PermeabilityTensor 

Calculator 

13161.9 
9613.78 
6650.6 / 
14880.9 
11332.8 
8370.25 

100 0.349 0.145 0.067 



 

Table 15 - Results obtained in the simulation of  1503 𝑣𝑜𝑥𝑒𝑙 

 

Table 16 - Results obtained in the simulation of 3003 𝑣𝑜𝑥𝑒𝑙  

  

Sample ROI Kx Ky Kz Voxel 

Calcarenite 
12382.8 9609.8 10769.4 

/ 14105.7 11332.8 
12502.1  

2.68 3.23 2.2 150 

Sample ROI Kx Ky Kz Voxel 

Calcarenite 
4333.62 6232.8 
7402.1 / 9433.62 
11332.8 12502.1  

2.68 
 

2.99 7.93 
 

300 

Figure - 51: Simulation tensor permeability calculator experiment 1503  voxel/22503 µm 

Figure - 52: Simulation tensor permeability calculator for 3003  voxel/51003µm 
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Table 17 - Results obtained in the oolitic simulation of 1003 𝑣𝑜𝑥𝑒𝑙 

 

Overall, these studies show a modest experimental correlation between the results from coreflloding to 

the results obtained by DRP. The results in this chapter indicate that the DRP enriches and validates 

the outcomes coming from the coreflooding study. The next chapter, therefore, moves on to discuss the 

critical findings thoroughly in this thesis, nonetheless, before the conclusion, it is presented a section 

where it is presented a brief study about the relative permeability of the two outcrops. 

6.3. RELATIVE PERMEABILITY 

The relative permeability severely impacts the productivity of a reservoir. For this reason, the knowledge 

of this property is a vital issue in the oil industry. It is suggested the relative permeability and capillary 

pressure curves for each specimen. For that purpose, the Sendra Software was used.  

These studies provide some insights intrinsic to relative permeability to water and oil relationships. 

Further studying may validate these preliminary results by reconstructing this modeling in the laboratory.  

It is considered that relative permeability measures would be usefully supplemented and extend the 

characterization of both rock specimens. For the simulation of the bioclastic carbonate, the porosity 

considered was 9.7 %. Furthermore, the Oolitic carbonate a porosity of 11% was considered. 

The computed experiment was performed using the steady-state by the constant rate. The relative 

permeability curve was calculated by adopting the Corey correlation for relative permeability curve and 

Skjaeveland for capillary pressure.  

The inputs necessary for completing the relative permeability curves are core length, core diameter, 

porosity, base permeability, pore volume. Besides these fundamental properties, there was a need to 

assume some of the other properties such as fluids viscosity and the end-points of each  

Sample ROI Kx Ky Kz Voxel 

Oolitic 
2022.13 1237.72 

2521.52 / 2437.81 
1653.56 2937.44 

- 0.22 0.90 0.64 100 

Figure - 53: Oolitic simulation tensor permeability calculator for 1003  voxel/ 2173µm 



relative permeability curve, water viscosity 

Water viscosity is assumed as one centipoise. Additionally, the initial water saturation was considered 

to be 10-15% mostly due to the higher probability of a carbonate reservoir be preferentially oil-wet 

(Chilingar, Yen e Angeles, 2007).  It is assumed that 10-15 % of irreducible water, based on the 

carbonate rocks are mostly oil-wet. The simulation was run as incompressible fluids. The properties of 

the core plug are illustrated in the following table 18. 

Firstly it is presented the parameters used for the simulation are presented in table for the calcarenite 

plug — secondly the relative permeability curve for the calcarenite plug figure 54. Additionally, table 19 

displays the most important values intrinsic to the relative permeability curves. Finally, table 20 shows 

the oil and water production for the given simulation for the different flow rates. The flow rates used were 

the same as in the coreflloding test. The simulation for the calcarenite core plug was set up to 10 min 

due to the intrinsic permeable medium of the outcrop. 

Table 18 - Core plug properties used for relative permeability simulation 

 

Table 19 - Calcarenite Relative permeability values 

 

 

Sample 
Length 

(cm) 

Diameter 

(cm) 

Porosity 

(%) 

Base 
Permeability 

(mD) 

Bulk 
Volume 

Oil 
Viscosity 

(cp) 

Water 
Viscosity 

(cp) 

Calcarenite  10.8 3.78 9.7 4.49 121  1 1 

Sample 𝒌𝒓𝒐 (𝑺𝒘𝒎𝒊𝒏) 𝑺𝒘𝒎𝒊𝒏 𝑺𝒘𝒄𝒓 𝑺𝒘 𝒙𝒑𝒐𝒊𝒏𝒕 𝒌𝒘,𝒐 𝒙𝒑𝒐𝒊𝒏𝒕 𝒌𝒘 (𝑺𝒐𝒓𝒘)   𝑺𝒐𝒓𝒘 

Calcarenite 0.9 0.15 0.25 0.495 0.065 0.6 0.85 

Water Saturation  

 

Figure 52 - 

Relative 

Permeability for 

the calcarenite 

plug. Source: 

SendraWater 

Saturation  

 

Figure 52 - Relative 
Permeability for 
the calcarenite 
plug. Source: 
Sendra 

Figure - 54: Relative Permeability for the calcarenite plug. Source: Sendra 
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Table 20 - Calcarenite drainage simulation 

 

 

The next section of the experiment was concerned with the Oolitic carbonate. The core plug parameters 

are illustrated in table 21. The relative permeability curves for the water-oil system are illustrated in figure 

55. Pursuing this further, table 22 shows the values inherent to the most important point in the relative 

permeability curves, and table 23 displays the recovery values for each simulation inherent to the oolitic 

rock.  

 

Table 21 - Oolitic Core plug properties used for relative permeability simulation 

 

 

 

 

Water Injection 
Rate 

Oil production 
10min (cm3) 

Water Production 
10min (cm3) 

Breakthrough 
time (min) 

Maximum 
differential 

pressure (Kpa) 

150  7.33 17.35 2.81 5102 

200 7.44 25.47 2.1 6795 

250 7.52 33.63 1.71 10925 

Sample 
Length 

(cm) 

Diameter 

(cm) 

Porosity  

(%) 

Base 
Permeability 

(mD) 

Bulk 
Volume 

Oil 
Viscosity 

(cp) 

Water 
Viscosity 

(cp) 

Oolitic 9.5 3.5 11 0.1 105.10 1 1 

Water Saturation  

Figure - 55: Relative permeability curves for Oolitic core plug. Source: Sendra 



Table 22 - Oolitic Relative Permeability values 

 

Table 23 - Oolitic drainage simulation 

 

 

This section encompasses the best-fit results regarding the estimated recovery by drainage in both 

carbonate samples. The table 19 and 23 reveals that there has been a slight increase in the water 

percentage for higher flow-rates. One interesting finding is that the breakthrough time is longest for a 

lower injection rate. These results indicate that for the calcarenite plug, a best-fit injection rate should 

be at 150 ml/hr since even with smaller oil cut seems the best option. The logical strand is also applied 

for the Oolitic carbonate 3ml/hr. To have a more comprehensive review of the values of the formers 

tables review Appendix E. 

It is possible that these results are biased, given the self-reported nature of assumptions (e.g., endpoints 

in relative permeability curves, oil viscosity).  

  

Sample 𝒌𝒓𝒐 (𝑺𝒘𝒎𝒊𝒏) 𝑺𝒘𝒎𝒊𝒏 𝑺𝒘𝒄𝒓 𝑺𝒘 𝒙𝒑𝒐𝒊𝒏𝒕 𝒌𝒘,𝒐 𝒙𝒑𝒐𝒊𝒏𝒕 𝒌𝒘 (𝑺𝒐𝒓𝒘)   𝑺𝒐𝒓𝒘 

Oolitic 0.7 0.10 0.20 0.429 0.055 0.55 0.80 

Water Injection 
Rate 

(ml/hr) 

Oil production 180 
min (cm3) 

Water Production 
180min (cm3) 

Breakthrough 
time (min) 

Maximum 
differential 
pressure 

3  4.46 4.52 79 5407 

6 4.61 13.37 40 10690 

9 4.69 22.29 26 16023 
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7. CONCLUSIONS AND FUTURE WORK 

 

The final chapter gives a summary and critique of the findings. In this investigation, the aim was to 

quantify the basic properties, such as porosity and permeability of two outcrop carbonates. This study 

has examined the factors which are thought to contribute to rock permeability, as well. Hence, the 

geologic features of these two specimens have been thoroughly studied at microscale and mesoscale. 

Additionally, the present study was designed to determine the effects of the confining pressure in the 

rock framework. 

One of the strengths of this study is that it represents a comprehensive examination on the rock analysis 

methods through two complementary techniques, such as the classical method (i.e., core-flooding) and 

the ground-breaking method (i.e., DRP). To the best of our knowledge, this is the first study of substantial 

duration, which examines the association between the fluid flow at the macroscale and the microscale 

of these two outcrops. These findings make several contributions to the current literature intrinsic to 

these two specimens, in terms of fluid flow mechanism and rock topological features. The results are in 

line with those of previous studies elsewhere.  

The obtained results in this study for the calcarenite porosity in the native state, are in agreement with 

results observed in earlier studies (ITGE, 1991) where a 28 % of total porosity for the whole layer was 

determined. Additionally, the porosity values for the Oolitic core agree with previous observational 

studies, such as  Ferreira et al. (2016).  

The insights gained from this study may be of assistance to the coreflooding apparatus and DRP. The 

coreflloding is particularly useful in studying the rock properties for different confining pressures. In one 

hand, the findings coming from the coreflooding contribute in several ways to our understanding of 

fundamental features and provide a basis for studying the relative permeability of these specimens. In 

the other hand, the DRP gives detailed information at the microscale. 

The single most striking observation to emerge from the data obtained from CT-Scan was the discovery 

that the porosity type intrinsic to the Oolitic rock was a secondary fabric-selective porosity, such as 

moldic porosity. This is an exciting outcome. 

Subsenqutely, moldic pore space provides the only a tortuous and a tiny path to permeability. Thus, this 

can explain, at least partially why the rock has such lower permeability. Moreover, the percolation of 

fluids might also be achieved through interparticle, nonetheless in a small quantity. 

The results of this study show a difference in the calcarenite framework after the coreflooding analysis. 

The rock suffers a significant decrease in porosity due to the confining pressure applied. The observed 

reduction of porosity could be attributed to the closing of the small pores due to the pressure in this 

incompetent rock. This intrinsic rock property influences the fluid flow through the pore framework.  

This study has examined the permeability of both specimens. This computational of fluid dynamics was 

set out to evaluate the feasibility to objectively measure and assess permeability without the help of the 

coreflooding experiment.  



The results of the corefloding and DRP indicates that the Oolitic rock has a porosity between (11-13 %) 

and a permeability between (0.01 -0.9 mD). Furthermore the calcarenite rock has a porosity within (23 

to 26 %), and on the one hand, the rock anomalously permeable to water in in-situ conditions, reaching 

>1000 mD, on the other side for the confining pressures (=>250 bar) applied in this study the rock has 

a permeability within (2-10 mD). However, it is possible that these results merely reflect a selection 

effect. 

With such a small sample size, caution must be applied, since it is very likely  the findings might not be 

entirely representative of the lithology. Subsequently, it is of paramount relevance the further study 

accounting with several samples wisely chosen in the field to report and model the formation 

characteristics. 

Overall, these studies strongly evidence the efficiency of integrating DRP and coreflooding. Conversely, 

there are some limitations to the results obtained in this dissertation. 

The findings in this report are subject to at least three limitations. First, the study did not evaluate the 

rock samples in situ. A limitation of using this kind of data is that it precludes the attitude of the layer in 

situ, thus limits the proper characterization regarding the correct atittude of the rock. Secondly, the lack 

of more samples inhibits the possibility to perform an upscaling of properties inherent to the whole layer. 

Thirdly, within the scope of this study, it was not possible to systematically evaluate mineralogic, 

petrographic, petrologic features of the samples, this step might be helpful to understand the fluid 

percolation and its inherent physical properties, at macroscale and microscale.  

Notwithstanding these limitations and the relatively limited number of samples, this works offers valuable 

insights into the primary fluid flow properties of both specimens. 

In terms of conclusion based within the research and analysis which were conducted in this thesis, it is 

possibleto retrieve crucial information inherent to rock porosity and permeability for both rock specimen. 

Therefore this approach will prove useful in expanding the understanding of how the fluid flows through 

these two outcrops. Further studying regarding the 2-phase flow, oil, and water will be interesting. 

Further modeling work will have to be conducted to determine relative permeability. A future study 

investigating accounting with temperature and pressure during the x-ray tomography acquisition would 

be fascinating. For further studies might be interesting to be supplied by a company where they can 

provide the rock specimen thoroughly studied rather than outcrops poorly studied in terms of oil and 

gas. Additionally, it might be interesting to explore the most widely-common rocks such as 

Fontainebleau, Berea to be able to credit our coreflooding experiment. It is worth to note that for further 

investigations, an aging step should be included.  
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APPENDIX A          

Figure - 56: Illustration representing the total and effective porosity for the calcarenite simulation 



 

APPENDIX B 

 

 

 

 

 

Figure - 57: Calcarenite pore framework and PNM 
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APPENDIX C 

 

The table below displays the experimental data worth the list for the two rock specimens using the tensor 

permeability. 

Table 24 - Results obtained by using the permeability tensor experiment in the calcarenite sample. 

Sample ROI K x Ky Kz Voxel 𝟑 

Calcarenite 10754.3 9613.8 2447.6 / 
12473.3 11332.8 4166.6  

4.97 2204.32 0.10 100 

Calcarenite 10754.3 9075.79 3005.37 / 
12473.3 10794.8 4725.02  

41.77 10.58 3.57 100 

Calcarenite 10960.3 6051.14 4010.12 / 
12679.3 7770.14 5729.77  

2.59 76716.9 10.77 100 

Calcarenite 10960.3 6051.14 4010.12 / 
12679.3 7770.14 5729.77  

2.72 4.77 12.55 100 

Calcarenite 12165 9613.78 312.105 / 

13884 11332.8 2031.75  
0.12 014 0.19 100 

Calcarenite 7740.44 9613.78 3127.94 / 
9459.44 11332.8 4847.59  

19345.6 6.61 2.09 100 

Calcarenite 
6441.1 6827.39 5116.32 / 

8164 8550.39 6849  
 

/ 
1.42 

 
0.59 

 
100 

Calcarenite 
7303.04 6827.38 5450.87 / 
9025.95 8550.38 7183.55  

 
/ / 

0.336797 
 

100 

Calcarenite 
9160.15 4883.92 8775.74 / 
10883.1 6606.92 10508.4  

 
9.368393 7.86 7.67 100 

Calcarenite 
7710.35 4883.92 10769.4 / 

9433.26 6606.92 12502.1  
 

9.065284 72.65 15.47 100 

Calcarenite 
10027.1 7760.17 9949.04 / 

11750 9483.17 11681.7  
 

11.86502 13.21 2429.828 100 

Calcarenite 
8477.2 7077.39 6244.28 / 
10200.1 8800.38 7976.95  

 
0.110607 0.26 0.24 100 

Calcarenite 
8477.2 5062.69 8526.63 / 
10200.1 6785.69 10259.3  

 
1619.015\ 1.79 1.07 100 

Calcarenite 
12382.8 9609.8 10769.4 / 
14105.7 11332.8 12502.1  

 

2.681842 
 

3.23 
 

2.24 
 

150 



 

 

 
 

 

 

 

  

Calcarenite 
8477.2 9609.8 275.15 / 

10200.1 11332.8 2007.83  
 

3.05 
 

5.69 
 

7.33 
 

150 

Calcarenite 8477.2 9609.8 275.15 / 
10200.1 11332.8 2007.83 

3.05 5.93 7.40 150 

Calcarenite 6441.1 6827.39 5116.32 / 

9026.1 9412.39 7701.32 
/ / 5.49 150 

Calcarenite   12382.8 9609.8 10769.4 / 

14105.7 11332.8 12502.1 
2.68 3.23 2.25 150 

Calcarenite 4333.62 6232.8 7402.1 / 
9433.62 11332.8 12502.1  

2.68 
 

2.99 7.93 
 

300 
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APPENDIX D 
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Figure - 58: Absolute permeability simulations for the calcarenite. A- Representing the experiment described in table 

8. B – Absolute permeability experiment with same conditions but for 〖100〗^3 voxel; C - Absolute permeability 
experiment with same conditions but 
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Figure - 59: Calcarenite Sendra simulation for 150 ml/hr 
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Figure - 60: Calcarenite Sendra simulation for 200 ml/hr 



        

  

Figure - 61: Calcarenite Sendra simulation for 250 ml/hr 
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