
1 
 

 

IST -MSc Petroleum Engineering 

An integrated approach based on core 

flooding and digital rock physics techniques to rock porosity and 

permeability characterization 

A. Baltazar, Instituto Superior Técnico;  

This paper was prepared as an extended abstract of an MSc Thesis. 

 

 

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 outcrops 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 carbonate from Leiria, Portugal and a calcarenite from Jaén, Spain. The findings of this study 

suggest that the batonian oolitic has a 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 to the 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. 
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1. Introduction 

The fully understanding of fluid flow behavior in 

porous media is of higher relevance for 

industrial purposes [1]. 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.   

The pore space and the physical properties 

inherent to the fluid flow mechanism through the 

porous medium are the primary concern of this 

study. 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 

development phase. Core analysis and Digital 

core fluids are significant contributors to rock 

characterization as it proves this paper.  

This study describes two different methods to 

infer the rock porosity and permeability at 

different scales. Core-flooding is a classical tool 

in this industry and becomes a determinant 

method to understand the fluid flow mechanism. 

Digital rock physics is becoming in recent years 

a vital tool to predictive studies. Digital rock 

physics gives insights about quantitative 

information of the rock topological and 

geological properties. This study also 

comments on the data interpretation and the 

necessary steps to obtain reliable properties 

from the experiments. To be able to integrate 

the porosity and permeability into geological 

engineering data, it is crucial an excellent rock 

characterization in terms of petrophysical 

features and rock fabrics.  

1.1. Objectives 

This paper has four key aims. Firstly aims to 

estimate the permeability and porosity of the 

two outcrops, at micro and mesoscale. 

Secondly, evaluate the impacts of confining 

pressure in the pore framework. Thirdly 

attempts to assess the pore size distribution of 

each outcrop. Finally seeks to evaluate the 

effectiveness of integrating coreflooding and 

Digital Rock Physics (DRP). 

2. Rock and Pore Typing 

This paper encompasses the completion of 

laboratory work in two distinct outcrop 

carbonates with a mixed methodology of two 

methods. The first is an oolitic carbonate 

belongs to Leiria, Portugal [3]. The second is a 

calcarenite carbonate belongs to Jaen, Spain 

[4]. The two methods applied simultaneously to 

characterize in a longitudinal way the two 

outcrops were coreflooding and DRP. The 

program selected for proper DRP analysis was 

PerGeos. 

The batonian outcrop oolitic belongs to the 

Lusitanian Basin, placed in the Western Iberian 

Margin. The accommodation for the sediments 

in this specific basin was created due to the 

sequents rifting events that generated the 

opening of the North Atlantic Ocean [3].  The 

outcrop selected for use in the experiment 

belongs to the Middle Jurassic. The Lusitania 

basin during Bathonian (167M.y) was a 

carbonate ramp depositional system [3]. The 

rock is an analogous formation for a reservoir 

Brazil [3].   
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To the best of our knowledge, this sample is a 

small-grained oolitic grainstone according to 

Dunham classification. The oolitihs 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 ooliths 

intrinsic character, in the same way, that a 

calcite structure precipitates around the nucleus 

(fig.1).  

 

 

The calcarenite rock used for the study dates 

the Tortonian age, precisely 11. 62 Ma. The 

rock used for this thesis is a bioclastic 

calcarenite. The rock was extracted from Jaén, 

Hoja de Alcala la Real, Spain, where is mining 

by Piedra Natural San Pedro S.L. as an 

ornamental rock [5]. 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. 

Within this Age, this area was passing by a 

marine cycle, of regressive character (magna 

990). It is believed that the specimen facies 

belongs to a coastal bar [4]. ITGE states that 

this carbonate was originated by subtidal 

coastal sedimentation. 

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 [4] 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 [4], the rock has 

a density of about 2500 g/cm3; additionally, it 

indicates a porosity of 28%. 

From our analysis appears to indicate 

interparticle porosity (fig.2).  

 

After an acid test, the insoluble part of the 

carbonates was measured. The insoluble 

residue for the oolitic and calcarenite samples 

0.02 gr / 40.30 gr  (0.05%) and 2.73 gr / 105.33 

(2.59%), respectively. These results show that 

both carbonate samples used in this study are 

chemically nearly entirely calcitic composition, 

with a reduced insoluble residue. Aside from 

this trend in the calcarenite, there are minor 

constituents that may need further investigation, 

nonetheless is beyond the scope of this paper. 

3. Materials and Methodology 

For this paper, the laboratory work was carried 

out in the Geotechnics laboratory (LABGEO) 

Figure 1 – Oolitic  sample, Left the image scale 1cm.  
1

Figure 2 - Illustration of the calcarenite features. The scale 
bar is 1cm 
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and Laboratory of Mineralogy and Petrology 

(LAMPIST) both belonging to the Department of 

Civil Engineering, Architecture, and 

Georesources. 

A holistic approach is utilized for this 

investigation integrating the data come from 

core flooding, digital rock fluids, and forward 

modeling to characterize the rock properties.  

The core-flooding apparatus composed by a 

core holder (fig.3), a displacement pump, a 

hydraulic pump, an automatic weighing system, 

and secondary utensils  

The general procedure common to coreflooding 

process consists of the following: a) coring, 

b)drying, c) saturation, d) drying and finally e) 

waterflooding. 

For this study, a total of nine cores were used, 

four calcarenites (B1 to B4), and five oolitic 

plugs, (C1 to C5) (fig. 4). 

 

In DRP analysis, the key elements are a work 

station1 and an x-ray tomography. The DRP 

approach may be helpful to understand the fluid 

behavior at the microscale. Through this 

technique, we 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. 

For rock properties research through image 

processing and analysis, the software PerGeos 

                                                      
 

was the selected. PerGeos Software allows 

generating computational fluid models based on 

imaging techniques derived from different 

sources, such as µct and SEM. This program 

allows to reconstruct, segment, extract and 

measure data from the images through powerful 

algorithms. This software 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. For 

this study, the primary uses of this software 

were to compute the PNM, porosity, and 

permeability at the microscale.   

3.1.  Experimental Technique 

Coreflooding Development                                                          

To successfully infer the properties of the rock 

(porosity and permeability), an experimental 

apparatus was created in LABGEO.  

The method applied to obtain laboratory 

porosity was the liquid saturation method. 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 accurate infer the effective pore volume, all 

the samples followed this procedure: a- Drying, 

b- Saturation c- Weigthing. For drying the 

samples stayed 24 hours at a temperature of 

106ºC inside the oven, with the purpose to 

retrieve the reminiscent water. For saturation, 

the samples were lodged inside a desiccator 

 

Figure 3 - Illustration representative of the Hassler Core 
holder used for this study. Source by the author 

Figure 4 - Illustrates one of the cores used for this study 
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were they stayed in a total of 24 hours, rather 

than a continued 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 the saturation step, the 

sample was accurately reweighted until a 

precision within +- 0.001gr is achieved. 

Therefore the bulk volume is obtained, through 

the manual caliper measurement.  Thus the 

effective porosity is retrieved.  

3.1.1. Waterflooding 

The permeability measurements were 

completed in a transient state. The fallof method 

was employed to quantify the fluid passage 

through the rock specimens. The fallof method 

process 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 (1atm). The apparatuses are shown in 

figure 6. Prior to undertaking the permeability 

measurements, the cores pass through several 

preparation steps.  

It was necessary to forge pressures and flow 

rates for each specimen adequately. To obtain 

SSample Selection 

Coreflooding 
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Dried 

Well 
Saturated 

Good Quality 

Yes 

No 

DRP  

CT-SCAN  Core Drying 

Segmentation 

PerGeos  
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Fluid Flow Model 
PerGeos 

Absolute 
Permeability 

Total Porosity 

Effective Porosity 

Pore-Size 
Distribution 
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Core Saturation 

Coreflooding 
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No 

No 

Figure 4 - Methodology used for this study 
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the knowledge of the bioclastic sample itself a 

first core (i.e 𝐶1) was used to well-define the 

values of pressure and injection flow assure the 

good conductance of the experiment. Following 

the tests, it was decided to impose in this 

specimen a confining pressure of 200, 225,2 

50bar, 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. The conscript confining 

pressures and flow rate injections were 

respectively,  50, 100, 150 bar and 3, 6, and 

9ml/hr. The final stage of the coreflooding 

comprised in the acquisition of the permeability 

values. 

Through the application of Darcy’s Law the 

permeability is calculated: 

𝑄 = − 
𝐾𝐴 △ 𝑃

µ △ 𝐿
 

 

Eq.  (1) 

Where, Q is Volumetric flow, [cm3 / s], K is 

Permeability, △ 𝑃 / △ 𝐿 is Pressure gradient 

[atm / cm], A is Cross-sectional area [cm2] and 

μ is Viscosity of the fluid [𝑐𝑝]  

3.2.  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 

LAMPIST. 

A series of X-ray radiographs were taken to both 

rock specimens, such as oolitic and calcarenite 

carbonate. Providing a direct way to infer the 

rock skeleton as a volumetric representation. 

The image analysis through microtomographic 

scanning processes has conventionally 

grounded in five principal procedures, such as 

a) acquisition b) slice reconstruction c) 

rendering c) result analysis d) interpretation [6]. 

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 the 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 vertical axis. 

The basic 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 

Figure 5 -Illustration of the pieces of equipment used for this study 
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images produced by the µ-XCT, reconstruction 

software package had to be applied to those 

projection images. Accordingly, the sample 

(fig.7) is subject to a series of radiographs taken 

by the microtomography. After the completion of 

the proper acquisition, a binarization step is 

needed to obtain porosity. 

The ct-scanned image is transformed in a 

binarized image, through PerGeos 

segmentation module. 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-phase system, namely void and 

grain space.   

The permeability simulation within the Software 

PergGeos exists three different modules to 

compute the permeability simulation, such as 

Absolute Permeability Experiment Simulation, 

Absolute Permeability Tensor simulation, and 

through Lattice Boltzmann methods.  

For the completion of valid results, this study 

only Absolute Permeability Tensor Calculator 

was used. 

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 [7]. 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 [7].  

The theory of volume averged 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.  (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:  

�⃑� ⃑
 
=  

1

𝑘
 ∫�⃑⃑� ⃑⃑ 

𝑣

𝑑𝑉 Eq.  (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 

Figure 6 - Illustration representing the acquisition of the 
carbonate specimens 
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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.  

4. Results  

The laboratory work inferred the porosity values 

through the liquid saturation method. On one 

had the porosity values obtained for the 

calcarenite is, for each plug: B1 - 25 %; B2 - 26 

% and B3 - 24 %. On the other hand the oolitic 

has a porosity for each plug: C1 - 13 %, C2 – 15 

% and C3 - 12 %  

The DRP analysis was grounded in three 

acquisitions. Firstly, for the oolitic with a voxel 

size of 2.17 µm. Secondly for the calcarenite 

before coreflooding with 9.23 µm voxel 

resolution. Finally an acquisition for the 

calcarenite after coreflooding with 17 µm voxel 

resolution. Through DRP analysis, the results 

were in concordance with the laboratory.  For 

the oolitic sample, the porosity obtained for a 

chosen ROI was 13 % (moldic) and for the 

calcarenite 26% (interparticle/intraparticle). 

Additionally, a DRP analysis of the calcarenite 

after the coreflooding was performed. The given 

results showed that the calcarenite framework 

suffers alteration. The porosity decreased to 9.7 

%. Nonetheless, these values do not give 

information about the pore size distribution. 

For that purpose, three PNM were constructed. 

The oolitic PNM has 2671 pores (fig.8) and 

5091 throats (fig. 9) 

 

 

Figure 8 - Histogram Oolitic Pore Radius 

 Turning now the evidence to the calcarenite the 

network elements comprise 46944 pores 

(fig.10), 102622 throats (fig.11). 

The framework after the coreflooding modifies 

drastically to 1956 pores (fig.12) and 2880 

throats (fig.13) 

 

Figure 9  -Histogram of Oolitic Throat length 

Figure 10 - Histogram of Calcarenite Pore Radius 
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The permeability results obtained from the 

coreflooding method for the calcarenite 

carbonate and the oolitic are illustrated in table 

1 and 2, respectively. 

 

Table 1 - Calcarenite Permeability values 

 

Table 2 - Oolitic permeability values 

 

The permeability simulations were computed in 

the three ct-scans acquisitions. For the Oolitic 

carbonate, the permeability simulation was 

obtained a ky 0.90 mD and a 0.64 mD in 1003 

voxel ( 2173 µm)  (fig.14). 

The calcarenite in his native state is extremely 

permeable to water, higher than 1000 mD. 

Nonetheless, the calcarenite1 the intrinsic 

permeabilities are considerably lowered. 

Specifically,  was obtained a permeability of 

2.68 mD, ky 2.99 mD, and kz 7.93 mD simulated 

in 3003 voxels (51003µm)  figure (15). 

Furthermore, several other permeabilities 

simulation were generated for different ROI. 

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 

Figure 14 – Oolitic Permeability simulaton for 
1003 voxel 

Figure 11 – Histogram calcarenite throat length 

Figure 12 – Histogram calcarenite1 pore radius 

Figure 13 – Histogram calcarenite1 throat Length 
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5. Conclusions 

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. 

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 of these 

two specimens, in terms of fluid flow mechanism 

and rock topological features. The results also 

corroborate previous studies [3], [4] 

The single most striking observation to emerge 

from the oolitic examination 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. 

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.  

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. 

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 attitude 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 and constraints 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

Figure 15 – Calcarenite Permeability Simulation for 3003 
voxel 
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