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Abstract: The initial pressures in equilibrium of a petroleum reservoir are changed by the fluids production, in turn, this 

can affect the stresses state and induce deformation in the reservoir rock as well on the adjacent geological formations. 

Thus, the knowledge and quantification of the reservoir rock compressibility assumes an important role in the management 

for production and injection in petroleum wells, as well also for the economically and environmentally concerns. 

This study were done on laboratory tests, performed on a similar Hassler type of core holder, on a potential carbonate 

reservoir rock, tested at hydrostatic tension state with alternating cycles of pore pressure injections, in order to simulate 

the production phases of a petroleum reservoir during elastic deformation. The rock poroelastic properties of interest in 

the present analysis are the P-wave velocity, permeability, porosity and deformability parameters. 

It was possible to find clear evidences through correlation of the different evaluated properties, which evidences the pore 

compression induced by the increase of the effective stress. Thus, the poroelastic proprieties of the rocks should be 

considered as dynamic, their understanding are crucial for the success of the drilling and production operation of 

petroleum wells. 
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1. Introduction 

The phenomenon of volume reduction of the 

reservoir rock is known as compaction, 

motivated by the decline of pore pressure 

(Pp), induced by the extraction of fluids that 

saturate the pores of the rock (Fjaer et al., 

2008 and Zoback, 2007). As the pore 

pressure (Pp) decrease the effective stress 

tends to increase. Thus, the overburden 

weight of the reservoir, initially supported by 

the rock matrix and the pressurized fluid, is 

expected to be largely supported by the rock 

matrix. According to Burton et al. (1998, 

cited by Fjaer et al., 2008) after the depletion 

of reservoirs the effective stress is often 

twice the value of the initial effective stress 

at the beginning of production. 

In this way, important proprieties as porosity 

and permeability should be considered as 

dynamic rock proprieties during reservoir 

production phases. The negligence of this 

information leads to estimation errors of the   
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hydrocarbons volume in situ, which impairs 

the maintenance and management of 

production (Soares et al., 2002 and Jalalh, 

2006). In this context, Belhaj et el. (2009) 

reported permeability reduction up to the 

second order of magnitude, during the 

inelastic compaction after the pore collapse, 

at uniaxial strain condition. Ostemieir (1993, 

1996 and 2001 cited by Azevedo, 2005) 

notably observed that permeability reduction 

could be up to 4/5 times the porosity 

reduction, during hydrostatic compaction. 

In this manner, understanding the 

management of the pore pressure drops 

during reservoir production are crucial to 

extend and maximize the hydrocarbons 

recover (Khurshid et al., 2015). The 

waterflooding is the most common fluid 

injection used on hydrocarbons recover, due 

to it availability, relative ease of use and 

good efficiency in oil displacement (Craig 

(1993 cited by Engelke, 2012). Gomes and 

Alves (2011) states that traditional primary 

and secondary recovery methods can 

recover 30% up to 50% of the original oil 

initial in place.  

This experimental study aims to investigate 

the evolution and correlation between the 

poroelastic properties during the hydrostatic 

elastic compacting, on the Codaçal 

carbonate rock that belongs to the 

Portuguese Lusitanic Basin. The 

experimental investigation was performed 

on a adapted triaxial cell at different injection 

pressure, in order to simulate a reservoir 

depletion. The rock proprieties of interest are 

the P-wave velocity, permeability, porosity 

and deformation parameters, such as pore 

compressibility, Yong and bulk module.  

2. Experimental procedure 

2.1 Samples 

The samples used were extracted from the 

same rock block that belongs to outcrops of 

the Codaçal Carbonate rocks that makes 

part of the geological Formation Santo 

António-Candeeiros, of the Portuguese 

Lusitanic Basin, which extends in the Iberian 

Passive Western Margin. The calcareous 

formations that appear in the Lusitanian 

Basin can be considered "analogous" to the 

formations of the Brazilian pre-salt 

(Guerreiro , 2013).  

The cylindrical cores sample used had 41 

mm of diameter and 84 mm of length, 

comply with the ISRM standard 

recommendations, which specify that the 

ratio between length (L) and diameter (Ø) 

must be between 2 and 3, and the 

dimensions must be at least 10 times larger 

than the largest grain size of the rock. 

The samples were saturated with water, their 

initial porosity of approximately 13% were 

determined with the ISRM suggested 

methods. In general the samples were in 

good condition, however, a careful selection 

of the samples was carried out, excluding 

those that showed any anisotropy, that is 

visible discontinuities and fissures, with the 

aid of a magnifying glass. 

2.2 Equipments and methodology 

It was used a conventional triaxial cell, fitted 

to cylindrical specimens, which allows to 

apply two independent boundary stress. 

This equipment have one pressure inlet 

value that allows to apply the confining 

pressure, note that was used a rubber 
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sleeve to prevent the contact of the oil 

pressurized fluid with the core sample. While 

the axial stress was applied to the load 

pistons that enable also the injection of 

pressurized fluid. To avoid the water leak 

between the cell body and the load pistons, 

was used a strength silicone. 

For the axial permeability test was used a 

volumetric burette connected to the outlet of 

triaxial cell, that accumulate the water that 

flows throughout the specimens, while the 

pressurized water was controlled by the 

Pressure test 1700 device. Since the water 

outlet was opened to the atmospheric 

pressure, the different water pressure 

between the two ends of the specimens is 

equivalent to the pressure measured at the 

pressure inlet device. The permeability was 

calculated by the following formula, derived 

from the Darcy law: 

𝑘 =
𝑄. 𝐿. 𝜇

𝐴. ∆𝑃

 

Where 𝑄 is the flux flow (𝑚3/𝑠), 𝐿 the length 

of the core samples (𝑚),  𝜇 the water 

dynamic viscosity (𝑃𝑎. 𝑠), 𝐴 is the section 

area of the core sample (𝑚2) and ∆𝑃 is the 

differential pressure between the two ends of 

the core sample (𝑃𝑎). 

The axial (𝜀𝑎) and radial (𝜀𝑡) strain were 

measured by strain gauge extensometers 

attached on the core sample, on the axial 

and radial directions, which were mounted in 

1/4 wheatstone bridge circuit, with a 

corresponded accuracy of 1 𝜇𝜀. The porosity 

reduction (%∆∅) was calculated by the 

following formula: 

%∆∅ =
∆𝜀𝑣

𝑉𝑡

=
𝜀𝑎 + 2 × 𝜀𝑡

𝑉𝑡

 

Following the works of Hart & Wang (1995) 

and Domenico (1997), cited by Zimmerman 

et al. (2007), the grain compressibility can be 

considered as a constant, because it does 

not present more than a reduced perceptual 

rate of deformability, once it has been 

showed to be several times less than the 

pore compressibility, for the elastic 

compaction controlled by low stress states. 

Thus the volume deformation was 

considered to be equivalent to the pore 

volume deformation. 

The P-waves velocities were measured 

along the axis direction of the sample core 

(parallel to the water flow), with a pair of 

source-receiver piezoelectric transducers 

(PZT), glued at the surface of the load 

pistons. The seismic velocities calculated by 

the ratio between the travel distance and the 

travel time of the seismic waves, did not 

considered the transit time on the metallic 

load pistons, recorded at the travel time. 

Besides the PZT sensors were also 

necessary a frequency amplifier, signal 

acquisition and a processing system 

(computer). 

In order to simulate the rock compaction 

during production and injection, the 

laboratory test were carried out to four 

consecutives hydrostatic confining pressure, 

starting at 1,0 MPa, and continued to 2,5; 4,0 

and 5,5 MPa. On each confining stress state 

were imposed two consecutive constant 

water injection, first of 300 kPa and after 600 

kPa. During the compaction all the 

proprieties mentioned were measured 

systematically.  

The water pressure was slowly increased in 

order to don´t break the silicone. The speed 
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load recommended by ISRM of 0,75 Pa/s 

gives a maximum axial speed load of 0,57 

KN/s for the cores section area used. The 

confining and axial load were increased 

constantly at the same rate, at room 

temperature. 

 

3. Results and discussion 

Due the variability observed at the readings, 

the results will be presented with the mean 

value obtained for each experimental test as 

a function of confining pressure.  

Was assumed that the compression strain is 

positive while the distension is negative. 

Thus the axial and radial strain assumed 

positive and negative sign, respectively.  

In Figure 1 permeability curves as function of 

the Pc shows a good power correlation, with 

a coefficient of determination of 

approximately 93% and 84%, for 300 and 

600 kPa of Pp respectively. This result are in 

agreement with to the studies of Ghabezloo 

et al. (2008) and Belhaj et al. (2009), that 

showed that the best representative function 

of permeability as a function of stress are the 

potential regression. 

In general, for constant Pc, the permeability 

curve obtained for Pp of 600 kPa, presents 

higher values than Pp of 300 kPa, as would 

be expected. It is verified that the 

permeability shows to be progressively less 

dependent, to the increase of confinement 

tension, keeping the Pp constant. This 

behavior can be validated by the studies of 

Lima et al. (2015), Schutjens et al. (2004), 

Ghabezloo et al. (2008) and the authors 

cited by them as Coyner (1984), Yale (1994) 

and David et al. (1994), in which is possible 

to verify that the flow of the saturating fluid, 

is progressively difficult, due to the reduction 

of the pore diameter, as a function of the 

effective stress. Figure 2 shows the trend of 

the permeability decrease with the effective 

stress. However, for Pc equal to 2.5 and 4 

MPa it is not possible to take relation, since 

the difference between the permeabilities for 

the same Pc are within the associated 

measurement error. 

 

Figure 1 - Permeability vs Pc with constant Pp of 
300 and 600 kPa 

 

Figure 2 - Permeability vs effective stress 
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For the P-wave velocities (Vp) at the Figure 

3 was obtained a good linear correlation with 

the confining pressure, approximately of 

99% and 94% for the 300 and 600kPa 

constant Pp scenario. Nevertheless, some 

authors, as Soares et al. (2002) and Fortin 

et al. (2005) observed an initial exponential 

behavior of the P-waves, in response to the 

high strain for the initial stress increments, 

controlled by the closure of microfissures of 

the rocks. However, this behavior was not so 

pronounced, the reasons could be due the 

low range of stress imposed and also for the 

fact that the test began with a unitary 

confining pressure of 1 MPa.  

For the two different constant pore pressure, 

is possible to see a convergent tendency of 

the Vp to higher stress, due the increase of 

the effective stress increases the contact 

between the solid grains of the rocky mass, 

which in turn tends to facilitate a propagation 

of the seismic compression waves 

(Christensen et al., 1985, Dewhurst et al., 

2004, Fortin et al.,2005, Xiaoxia et al., 2006 

and Boitnott et al., 2008). 

 

Figure 3 - P-wave velocity (Vp) vs. Pc with 
constant Pp of 300 and 600 kPa 
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correlation of 96,2%. 

 

Figure 4 - P-wave velocity vs effective stress 
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Figure 5 - Confining pressure [Pc] vs. 
permeability, compressibility and burette volume 
for 300 kPa of injection pressure 
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Figure 6 - Confining pressure [Pc] vs. 
permeability, compressibility and burette volume 
for 600 kPa of injection pressure 
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permeability, while the pore volume 

deformation and the P-wave velocity 

increased together. This fact could be 

supported by an additional pore compaction, 

triggered by the increase of the pore Pp. 

 

 

Figure 7 - Experimental reservoir producton simulation 
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4. Conclusion 

The work engaged the experimental 

investigation of the pore compaction for the 

Codaçal carbonate rock, under a hydrostatic 

elastic compaction, performed on a triaxial 

cell adapted to waterflooding experiments. It 

showed that both confining and water 

pressure had a relevant influence on the 

poroelastic proprieties, that should be 

considered as dynamic proprieties. 

Permeability showed a good adjustment to 

power correlation for both injection pressure, 

which is in agreement with the pore 

compressibility. In general permeability and 

compressibility have higher values for the 

higher pore pressure, the difference of 

permeabilities between the two constant 

pore pressure becomes progressively less 

pronounced with the increasing of the 

confining pressure, as it would be expected. 

This is supported by the increasing difficulty 

that the saturating fluid encounters as it 

flows through the sample, controlled by the 

compaction that reduces the pore diameter, 

as a function of the effective stress, in 

similarity to the work of Lima et al. (2015), 

Ghabezloo et al. (2008) and the authors 

cited by them as Schutjens et al. (2004), 

Coyner (1984), Yale (1994) and David et al. 

(1994). 

The volume collected by the burette and the 

pore compressibility are in compliance, the 

highest values of compressibility were 

register always for the biggest pore 

pressure.  

Regarding to the P-wave velocity is 

observed that velocity records for the two 

cases of constant pore pressures tend to 

approximate to higher effective stress 

values. This behavior is supported by the 

facility of seismic compression waves 

propagation with the increase of the contact 

between the solid grains of the rock mass, 

which is directly proportional to the effective 

stress magnitude, Christensen et al. (1985), 

Dewhurst et al. (2004), Fortin et al. (2005), 

Xiaoxia et al. (2006) e Boitnott et al. (2008). 

The pore volume deformation always has 

higher values for the higher pore pressure, 

which demonstrate that the pore pressure 

increases the pore compressibility. 

Consequently the resistance parameters, 

such as young and volumetric module tends 

to assume higher values in the case of lower 

pore pressure. Thus during elastic 

compaction for a the same rock type, the 

effective stress presents the main factor 

which controls the deformability and 

resistance of the rock, in agreement with the 

studies of Christensen et al. (1985), Xiaoxia 

et al. (2006) and Usui et al. (2013). 

In conclusion, it was observed three types of 

compaction. The first one, on a low range of 

effective stress the increase of the pore 

pressure from 300 to 600 kPa was sufficient 

to increase the permeability. It shows that 

the increasing of the pore pressure close to 

the confining pressure aims to delay the pore 

compressibility, supported by the low 

decrease of the P-wave velocity while the 

pore pressure increase. 

The second stage is manly controlled by the 

pore compressibility, while in the third phase 

is possible to identify an increase of the 

permeability and P-wave velocity for the 

highest pore pressure of 600 kPa, curiously 

the biggest relative pore volume deformation 
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was observed on this compaction stage, that 

showed an additional pore compaction 

possibly due to the increase in the injection 

pressure, which facilitated the flow of the 

contained fluid from the pores, as well as a 

propagation of the acoustic emissions. 
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