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Abstract 

Experimental determination of the physical properties of rocks under conditions simulating in situ 
reservoir conditions is of great importance both for the calculation of reserves and for the interpretation of 
well logging data. In addition, it is also important for the preparation of hydrocarbon field development 
projects. The study of the processes of changes in the petrophysical properties of the reservoir under 
controlled conditions allows not only to determine their reliability but also to evaluate the dynamics of 
these changes depending on the temperature and pressure conditions of the reservoir and the water 
saturation of the rocks. 

In this work, an evaluation of the dependence of the physical properties of hydrocarbon reservoirs 
on their water saturation (Sw) was carried out. Residual water saturation (Swr) was created in the rocks and 
the properties of these rocks were compared at the states of partial (25 %) and complete water saturation 
(100 %). The changes in petrophysical parameters of partially water saturated rocks during the increase in 
effective pressure were studied and estimates of these changes were obtained. The results showed that 
when the effective pressure is increased, the Swr increases by an average of 6 % compared to atmospheric 
conditions. This is accompanied by an increase in the velocity of longitudinal (by 51.9 % on average) and 
lateral waves (by 37.1 % on average). As residual water saturation increases, effective permeability 
decreases for both standard and reservoir conditions, with, gas permeability decreasing for both dry 
samples (by 23 % on average) and samples with residual water saturation (effective permeability 
decreases by 27 % on average). 

Keywords: Petrophysical properties, Reservoir simulation, Residual water saturation, Effective 
permeability, Reservoir, Standard conditions 
 
 
Introduction 

During the development of reservoirs, significant changes occur in the hydrodynamic regime and 
stress-strain state that affect the physical and mechanical properties of the rocks and determine the 
operating characteristics of the reservoir strata. 

Petrophysics determine rock samples’ physical properties under standard (atmospheric) conditions 
and under conditions that simulate reservoir conditions [1,2]. Petrophysicists usually explain variations in 
physical properties of samples of the same rock in terms of changes in general mineral and chemical 
composition and structural and textural features [3,4]. Changes in physical properties of hydrocarbon 
reservoirs are mainly studied by determining physical properties (permeability, porosity, elastic, 
electrical, and deformation strength) under the standard conditions and in physical modeling of reservoir 
conditions and processes. 

When oil fields are developed, a significant amount of oil (up to 60 - 80 %) remains unrecovered 
[5,6]. The distribution of hydrocarbon fluids and water in the pore space and the way they flow largely 
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depend on the petrophysical properties of the rocks. During oil and gas field development, the reservoir’s 
water content often increases, leading to a change in physical properties [7,8]. For example, several 
studies have shown that moisture can lead to a drastic reduction in strength and an increase in 
deformability in some sedimentary rocks [9-11]. This study focused on the effect of water saturation of 
hydrocarbon core samples on the changes in physical properties of these samples, both at standard and 
reservoir conditions. 
 
Materials and methods 

To assess the effectiveness of water saturation on the physical properties of the reservoir, 
comparisons were made between the petrophysical properties of reservoir core samples in which the pore 
space is fully saturated with the reservoir fluid model and samples with residual water saturation. 

Samples of sandstones and siltstones of hydrocarbon reservoirs located at depths from 2,742 to 
2,900 m were studied. The range of changes at standard conditions for porosity was from 2.9 to 33.4 %, 
for gas permeability - from 2.91 to 1,557 md. Two hundred and forty samples were saturated with a 
model of formation water; gas permeability was measured on 40 samples. 

The residual water saturation of the rock, Swr, determined by the direct method (from the core taken 
during drilling with an anhydrous solution) or by indirect methods (centrifugation, with semipermeable 
membranes, etc.), should be corrected taking into account the reservoir conditions [12,13]. If we assume 
that the main change in Swr occurs due to the deformation of the pore space of the rock during core 
drilling due to the reduction of the effective stress, then we can write: 
 
𝑆𝑤𝑟(𝑓𝑚) = 𝑆𝑤𝑟(𝑠𝑐)

𝜑𝑠𝑐
𝜑𝑓𝑚

                                                                                                                      (1) 

 
Where Swr(fm) - residual water saturation (irreducible) corresponding to reservoir conditions; Swr(sc) is 

residual water saturation determined directly or by one of the indirect methods at standard conditions 
(laboratory conditions); φsc, φfm - formation porosity, respectively, at standard conditions and at the depth 
of the deposit (formation conditions). 

Residual water saturation was generated in the samples by centrifugation [14,15]. The 
centrifugation method is based on the action of centrifugal forces on the sample, which occurs during the 
rotation of the core sample in the centrifuge. Initially, as the speed of the centrifuge rotor increases, water 
is forced out of the large pores. As the rotor speed continues to increase, water is forced out of the smaller 
pores. At some point, increasing the number of revolutions no longer affects the amount of water 
remaining in the pores. This water is referred to as residual water [16]. 

Methods for determining the physical properties of the rock sample under atmospheric conditions 
and conditions of reservoir simulation are described in detail in the scientific literature [17,18]. These 
methods have been used to determine changes in pore volume, pore compressibility, formation porosity 
and bulk density (in reservoir conditions simulation), elastic wave velocity, electrical resistivity and 
formation factor. 
 
Results and discussion 

The measured and calculated data, namely porosity, bulk density, formation resistivity (Rt), 
formation factor (F), elastic wave propagation velocity and Swr of the samples, were collected in a 
summary table for the boreholes according to the measurement conditions (reservoir and atmospheric). 
Since the primary values of Swr were obtained under atmospheric conditions, it was necessary to 
recalculate them for reservoir conditions (Figure 1) using Eq. (1). The recalculation is based on the fact 
that the volume of water in the pore space does not change and the porosity decreases slightly during the 
transition from standard to reservoir conditions [19,20]. 
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Figure 1 Correlation of residual water saturation at atmospheric (standard) and reservoir conditions: R2 - 
correlation coefficient. 
 
 
 It is well known that Rt depends strongly on the water content in the pore space. Natural solutions 
filling pores and cracks conduct electric current much better than the mineral matrix of rocks, so as the 
moisture content in the rock increases, the electrical resistivity decreases significantly [21,22]. Figure 2 
shows a logical decrease in Rt with increasing water saturation: The correlation coefficient for reservoir 
conditions (R2 = 0.71) is higher than for standard conditions (R2 = 0.46), possibly due to closure of some 
cracks and an increase in the role of intergranular porosity [23]. The R2 values for reservoir conditions are 
quite high. Thus, it can be seen that the process of reservoir water-cut (increase in Swr), even with the 
continuation of effective pressure, leads to a decrease in resistivity.  
 

 
Figure 2 Effect of residual water saturation on resistivity at atmospheric and reservoir conditions. 
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       This study also compared the dependence of resistivity on formation porosity under reservoir 
conditions, both at residual and 100 % water saturation (Figure 3). In this case, a good correlation 
coefficient (R2 = 0.90) was found only for resistivity of samples at 100 % water saturation, and for 
resistivity of samples at partial water saturation, the accuracy of the correlation coefficient was low (R2 = 
0.09). This can be attributed to the incomplete filling of the pore space with water and the complex 
structure of the conduction channels. Figure 3 once again confirms the above assumption that the process 
of formation water-cut (increase in Swr), even if the effective pressure persists, leads to a decrease in 
resistivity. The performed tests show that under the conditions simulating the reservoir, with an increase 
in the average values of water saturation from residual (0.25) to full (1.00), the average value of 
resistivity decreases from 19.6 to 2.24 ohm-m (88.6 %). 
 
 

 
Figure 3 Dependence of resistivity at reservoir conditions on porosity at 100 % and partial water 
saturation. 
 
 

A rock containing oil and/or gas has a higher resistivity than the same rock saturated only with 
formation water, and the higher the water saturation of the pores, the lower the resistivity of the rock 
[24,25]. This relationship between the resistivity of the rock and its water saturation, expressed by the 
formation factor, is often used to distinguish hydrocarbon-bearing zones [26,27]. 

Figure 4 shows the effect of residual water saturation on the formation factor at standard and 
reservoir conditions. The formation factor generally indicates by how many times the resistivity of a 
partially water-saturated rock increases compared to its resistivity when the pore volume is fully saturated 
with water [28,29]. Moreover, since the volume of water in the pores of the rock samples does not change 
during the transition from the standard conditions to the reservoir conditions, the dependences of the 
formation factor on water saturation turn out to be close in this case. The slight discrepancy is due to 
changes in the structure of the pore space under the influence of the reservoir conditions. 
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Figure 4 Effect of residual water saturation on the formation factor at atmospheric (standard) and 
reservoir conditions. 
 
 

The study also considered the influence of water saturation on the propagation velocity of 
longitudinal and lateral elastic waves (Figures 5 and 6). The partial presence of formation water in the 
pore space should mean that the velocity of the P-wave (longitudinal wave) in a rock sample with residual 
water saturation will be lower than in the same sample whose pore space is, however, completely 
saturated with formation water (see Figure 5). 

 
 

 
Figure 5 Dependence of the propagation velocity of a longitudinal wave on porosity at residual and 100 
% water saturation of rock samples under conditions simulating reservoir. 
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In Figure 5, it can be seen that the velocity of the longitudinal wave (P-wave) decreases with an 
increase in the porosity of the samples at both residual and 100 % water saturation. The graph of the 
change in the velocity of the longitudinal wave for the samples with residual water saturation is slightly 
lower on the coordinate plane than the same graph of the samples with 100 % water saturation. This is 
due to the fact that part of the pore space is filled with air and the propagation velocity of elastic waves in 
air is known to be lower than in water [30,31]. 

 
 

 
Figure 6 Dependence of shear wave propagation velocity on porosity at residual and 100 % water 
saturation of rock samples under conditions simulating a reservoir. 
 
 

The velocity of propagation of the lateral wave (s-wave) is higher in reservoir conditions, as in a 
longitudinal wave, than in standard conditions. However, the reliability of the correlation coefficient due 
to a linear dependence (see Figure 6) is much lower than for a longitudinal wave (see Figure 5). This is 
probably because shear waves (laterals) do not propagate in the fluid and the presence of partial water 
saturation in rock samples complicates the pathways (probably due to swelling of the clay component) for 
shear wave propagation compared to the pathways in samples with 100 % water saturation. 

The tests carried out have shown that under the conditions simulating the reservoir, with an increase 
in the average values of water saturation from a residual level of 0.25 to 1.00, the velocities of 
longitudinal and lateral waves, respectively, increase from 3.21 to 3.42 km/s (6.54 %) and from 1.68 to 
2.08 km/s (23.8 %). Figures 5 and 6 suggest that the process of water-cut in the reservoir (increase in Swr) 
leads to a decrease in the propagation velocities of elastic longitudinal and lateral (shear) waves even at 
constant effective pressure. 

Most interesting is the study of the effect of Swr on the effective permeability of rock samples, 
which directly affects well production rates [32-34]. Figure 7 shows the dependence of effective 
permeability (Keff) on Swr at reservoir and standard conditions for all samples, without dividing them into 
classes. 
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Figure 7 Dependence of effective permeability of samples on their residual water saturation at 
atmospheric and reservoir conditions. 
 
 

Hydrocarbon reservoirs can be grouped by class according to the average values of their effective 
permeability [35,36]. Thus, using the same concept as in Figure 7, dependencies can be built to predict 
the change in effective permeability by class. Analysing Figure 7, it can be concluded that as the water 
saturation of the rock samples increases from 0 to 54.0 %, their effective gas permeability will decrease 
under both standard and reservoir conditions and therefore there will be a transition from higher to lower 
permeability classes [37]. In fairness, it should be noted that this graph reflects the influence not only of 
residual water saturation, but also of porosity and structure of the pore space on permeability. 

The changes in permeability of dry samples (К) and samples with partial water saturation (Кeff), 
relative to their permeability under standard conditions (К = 1), were studied in the process of increasing 
the effective pressure. The change of Swr in this process was also followed. The graphs in Figure 8 show 
that with an increase in effective pressure the permeability of the rock decreases significantly, which 
seems logical. 
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Figure 8 Change in permeability and residual water saturation with increasing effective pressure. 

 
 

It can also be seen that the effective gas permeability (Keff) of partially water-saturated samples 
decreases more than K for dry samples. At the maximum effective pressure, the permeability for dry and 
partially saturated samples decreases by 23 and 27 % on average, respectively. The decrease occurs 
uniformly, even for different permeability values. At the same time, the Swr increases due to a decrease in 
pore volume with an increase in effective pressure. 
 
Conclusions 

Experimental determination of the physical properties of rocks under conditions that simulate 
reservoir conditions is of great importance for the calculation of reserves and the interpretation of well-
logging data, as well as for the preparation of hydrocarbon field development projects. 

For example, a comparison of the petrophysical parameters of samples studied under conditions 
simulating the reservoir showed that with an increase in the average values of Swr from the residual 25.0 
% water saturation to the full 100 %, the average resistivity value decreases from 19.6 to 2.24 ohm-m 
(88.6 %) and the velocities of longitudinal and lateral (shear) waves increase from 3.21 to 3.42 km/s (6.54 
%) and from 1.68 to 2.08 km/s (23.8 %), respectively. 

The results of the study of changes in petrophysical parameters of partially water-saturated rocks in 
the course of increasing the effective pressure from atmospheric (standard) to reservoir conditions showed 
that when the effective pressure is increased, the Swr increases by an average of 6 % relative to 
atmospheric conditions. This is accompanied by an increase in the velocity of longitudinal (by 51.9 % on 
average) and lateral waves (by 37.1 % on average).  

Gas permeability decreases for both dry samples (by 23 % on average) and samples with residual 
water saturation (effective permeability decreases by 27 % on average).  

These data can be used in field development planning to assess both changes in reservoir conditions 
and the degree of change in pay zones. In other words, the results of this work contribute to effective, 
more accurate implementation of hydrocarbon field development, e.g., accurate reserve estimation, 
enhanced oil recovery, etc. 

It should be noted that additional experimental studies of samples under thermobaric conditions 
simulating those of the reservoir are necessary to refine the changes described by power or exponential 
equations. 
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