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 The article describes the issue of determining the properties of rocks with different fluid saturation and the relationship between 
changes in these properties from the stage of oil field development. The mineral composition of the studied clayey samples of oil 
reservoir rocks was given. The process of changes in the strength and elastic properties of the rock due to different saturation 
with kerosene and water was described. The dependences of the ultimate strength under uniaxial compression, elastic modulus 
and Poisson's ratio for rocks of different fluid saturation were presented. The decrease in the strength and elastic modulus of 
rock samples with complete replacement of kerosene with water reached 15-20%, and in comparison with the results obtained 
for a sample in an air-dry state, the decrease in these same properties reached 30-40%. Based on the theoretical and practical 
studies the need to determine the strength and elastic properties of rocks depending on saturation in real field conditions became 
obvious. The results of filtration studies for clay rock samples were presented. It was established that a decrease in reservoir 
pressure contributed to an irreversible decrease in the permeability of the studied clayey rocks. It followed that the introduction 
of systems for maintaining reservoir pressure must be carried out as early as possible. An example of calculating relative
permeability, pressure distribution in the reservoir at a constant flow rate was given, graphs of the distribution of the water/oil 
displacement front were constructed by year of field development with a plane-radial inflow into the well. The dependences of 
the elastic capacity coefficient and piezoelectric conductivity of the rock on fluid saturation were presented. The obtained results 
and the established dependencies are recommended to be used when predicting changes in the strength, elasticity and filtration-
capacitive properties of pore-type clay rocks at various stages of oil field development, including for planning well treatment.
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 Поднимается вопрос определения свойств горных пород различной насыщенности флюидами и связи изменений этих
свойств от стадии разработки месторождения нефти. Приведен минеральный состав исследуемых глинистых образцов
пород-коллекторов нефти. Описан процесс изменения прочностных и упругих свойств породы от различной 
насыщенности керосином и водой. Приведены графики зависимостей предела прочности при одноосном сжатии, модуля
упругости и коэффициента Пуассона для пород различной насыщенности флюидами. Снижение прочности и модуля 
упругости образцов породы при полном замещении керосина водой достигает 15–20 %, а в сравнении с результатами, 
полученными для образца в воздушно-сухом состоянии, снижение этих же свойств достигает 30–40 %. Исходя из 
проведенных теоретических и практических исследований, становится очевидной необходимость определения
прочностных и упругих свойств горных пород в зависимости от их насыщенности в реальных условиях на
месторождении. Приведены результаты фильтрационных исследований для образцов глинистых пород. Установлено, 
что снижение пластового давления способствует необратимому снижению проницаемости исследованных глинистых
пород. Отсюда следует, что внедрение систем поддержания пластового давления на месторождении необходимо
осуществлять как можно раньше. Приведен пример расчета относительных фазовых проницаемостей, распределения
давления в пласте при постоянном дебите, построены графики распределения фронта вытеснения нефти водой по годам
разработки месторождения при плоскорадиальном притоке в скважину. Приведены зависимости коэффициента 
упругоемкости и пьезопроводности породы от насыщенности флюидами. Полученные результаты и установленные 
зависимости рекомендуется использовать при прогнозировании изменения прочностных, упругих и фильтрационно-
емкостных свойств глинистых пород порового типа на различных стадиях разработки месторождений нефти, в том
числе для планирования проведения геолого-технологических мероприятий. 
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Introduction 
 
The process of development and operation of oil fields 

includes a set of various technical and technological 
measures. It is customary to distinguish four main stages of 
oil field development. 

The first stage is characterized by an intensive and 
constant increase in oil production, a rapid increase in the 
operating well stock, and a sharp drop in reservoir 
pressure.  

Rock, which has been in equilibrium for a long time, 
is deformed at the beginning of field development and 
the construction of surface structures, underground 
workings and gas storage facilities. The deformation of 
the rock affects its filtration and capacitive and physical 
and mechanical properties. The withdrawal of fluid 
from the reservoir and the decrease in reservoir 
pressure leads to an increase in the load on the rock 
skeleton, which was previously supported by reservoir 
(pore) pressure [1–12]. The stress state in which oil and 
gas reservoirs are located is characterized by effective 
pressure [13–17]: 
 
 эф вн пл ,p p np= −  (1) 
 
where внp  – external pressure of overlying rocks; плp  – 
reservoir pressure (internal); n – coefficient characterizing 
the value of reservoir pressure going to the discharge of 
external pressure [18–23].  

The processes of pressure redistribution, deformation 
and change in the structure of the void space (compaction 
of the pore matrix, closure of cracks and caverns) are 
mechanical in nature [24, 25].  

The second stage of oil field development is characterized 
by an increase in the number of wells, oil production and the 
beginning of an increase in water cut. 

Researchers [24, 25] note the importance of chemical 
phenomena in hydrocarbon production. The authors 
note that by the use of reservoir pressure maintenance 
systems with water injection, chemical reactions, salt 
precipitation, dissolution or leaching of reservoir rocks in 
the zones of injection water penetration are possible in 
the reservoir.  

The third stage is characterized by a decrease in the 
volume of produced oil, a significant decrease in the number 
of operating wells and a constant increase in the water cut of 
the extracted products.  

The fourth stage is characterized by low rates of oil 
production, high water cut, and a further decrease in the 
number of operating wells. 

At the described stages of oil field development, in 
order to increase oil recovery and reduce the water cut of 
the extracted products, various geological and technical 
measures are used: acid or alkaline treatment of the 
bottomhole zone of the reservoir (increasing permeability 
and eliminating contaminants), using surfactants 
(increasing the oil recovery factor), using hydraulic 
fracturing, etc. All methods used to stimulate oil inflow into 
the well affect the condition of reservoir rocks. 

Thus, from the beginning to the end of the 
development of an oil field, the host rocks are subjected to 
mechanical and chemical action, their stress-strain state, 
filtration and strength properties change. All the changes 
undergoing by reservoir formations are interconnected. 
The research task of the authors of this article is to 
elaborate recommendations for the operation of oil fields 
at any stage of their development taking into account the 
obtained dependencies of strength, elastic and filtration 
properties of rocks on the type of saturating fluid. 

 
а 

 
b 

 
c 

 
Fig. 1. Samples of rock pre-saturated with kerosene: 

a – dependence of tensile strength on the content of fresh 
water in the samples; b – dependence of the modulus of elasticity 

of rock samples on the content of fresh water in the samples; 
c is the distribution of Poisson's ratio values according to the 

freshwater content of the samples 
 

Experimental Part 
 

A series of experiments on fine-grained sandstone 
samples were performed to simulate various stages of oil 
field development. The composition of the rock-forming 
part is arkose – feldspars (45–50 %), quartz (35–40 %), as 
well as siliceous, quartz, quartz-micaceous and effusive 
differences (about 15 %). Clay cement, main clay minerals 
kaolinite and chlorite. 

1. To determine the dependence of the strength and 
elastic properties of rocks on the type of saturating fluid, 
rock samples were saturated with fresh water and kerosene 
in different ratios. In Fig. 1 freshwater saturation of 0 % 
means that the sample is completely saturated with 
kerosene. The tensile strength of the dry specimen is 
shown separately in the graphs. 

The determination of the modulus of elasticity E and the 
Poisson's ratio ν of the rock samples was carried out 
simultaneously with the determination of the tensile strength 
of the samples under uniaxial compression. The reduction in 
the tensile strength of the specimens at full kerosene 
saturation reaches an average of 20 % compared to the tensile 
strength of the specimen in the air-dry state (see Fig. 1, a). 
When oil is displaced by water, the water content in the 
reservoir gradually increases, and the phase "Oil-water" ratio 
changes in the rock.  

In the experiment kerosene was used as a hydrocarbon 
liquid in the samples. With a ratio of 50 % water to 50 % 
kerosene the tensile strength of the specimens continues to 
decrease to values of about 30 % of the tensile strength of the 
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specimen in the air-dry state. An increase in the water content 
of the samples leads to a decrease in the tensile strength 
values of the samples up to 40 % of the tensile strength of the 
rock sample in the air-dry state.  

The decrease in strength of saturated rocks is explained by 
the Rebinder effect [26–30]. Hydrophilic rock interacts with 
saturating fluids (kerosene, water), the liquid is adsorbed on 
the surfaces of existing micro cracks. In the process of loading 
the specimen there operate forces which have a proppant 
effect under the influence of fluid pressure. As a result, 
existing cracks grow and new ones develop. Due to this 
process the strength of the rock decreases and its plasticity 
increases [31–37]. There are known the effects of reducing 
the strength of the rock from the influence of surfactants 
[38–40] and water of different mineralization [41, 42]. While 
using the techniques of determining the mechanical 
properties of rock by loading spherical indenters [43, 44] a 
similar decrease in rock strength with an increase in water 
saturation has been established. 

The reduction of the elastic modulus of the samples at 
full kerosene saturation can reach values of 10–30% of the 
elastic modulus of the samples in the air-dry state 
(see Fig. 1, b). With a water/kerosene ratio of 50/50 %, 
the modulus of elasticity of the samples can be reduced to 
30–35 %. With a further drop of the hydrocarbon phase 
percentage in the samples the modulus of elasticity of the 
rock decreases by up to 40 % compared to the modulus of 
elasticity of the rock in the air-dry state.  

Dependence of the modulus of elasticity of rock 
samples on water saturation can be represented by the 
formula: 
 
 9,8127 exp( 0,002 ),E Sв= − ⋅  (1) 
 
where E – modulus of elasticity, 103 MPa; Sв – water saturation, 
decimal quantity.  

Fig. 1, b, shows the distribution of the values of the 
Poisson's ratio of samples from water saturation. From the 
data presented, it can be seen that the Poisson's ratio of a 
dry sample is less than the Poisson's ratio of saturated 
samples. In the process of saturation, the rock interacts 
with water and kerosene. An increase in the value of the 
Poisson's ratio indicates that the rock in the saturated state 
is more susceptible to irreversible plastic deformations and 
becomes less brittle. 

Analyzing the results obtained, it can be concluded 
that the tensile strength, Young's modulus of elasticity and 
Poisson's ratio of the studied rocks depend on the type and 
composition of the fluid saturating the rock. When 
determining the properties of rocks in laboratory 
conditions, it is necessary to recreate the composition of 
the fluid saturating the rock according to the operating 
conditions of the deposit. When sampling, special attention 
should be paid to maintaining their natural saturation.  

Much work has been devoted to the study of the 
permeability of reservoir rocks [45–49]. However, in order 
to ensure a high degree of confidence in the proposed 
recommendations due to the wide variability of the 
described test conditions and the uniqueness of the studied 
groups of the samples it is necessary to determine the 
properties of the rocks for each specific case. 

Filtration experiments were carried out on rock 
samples to determine the dependence of permeability on 
effective pressure. Fresh water was used for filtration. The 
main parameters of the samples are given in Table 1.  

Figure 2 shows the dependence of the coefficient of 
relative change in the permeability k/k0 of rock samples on 
the effective pressure. As the effective pressure increases, the 
specimen begins to deform. The existing filtration channels 
begin to close, microcrack systems are formed, and previously 
 

 
а 

 
b 

 
Fig. 2. Dependence of the coefficient of relative  changes 

in permeability on the effective  pressure: a – sample No. 1; 
b – model No. 2 

 
Table 1 

 
Initial Parameters of Rock Samples 

for Filtration Experiment 
 
№ 

sam
ple.

Porosity, %
Tensile strength of 

specimens under uniaxial 
compression, MPa 

Modulus of 
elasticity, 
103 MPa

Poisson 
coefficient

1 17,3 28,08 8,02 0,16
2 10,3 27,16 8,08 0,17

 
closed pore voids are involved in the filtration process. 
Despite the positive effect of creating microfracture 
systems in the rock, the simultaneous development of the 
clay swelling process is possible in clay reservoirs, which, 
in turn, will adversely affect the permeability of the rock. 
As shown in Fig. 2, a significant decrease in the coefficient 
of relative change in permeability with an increase in 
effective pressure to 22–24 MPa is associated with the 
active development of the clay swelling process and an 
increase in the plasticity of the rock due to the interaction 
of the rock with fresh water. A further increase in the 
coefficient of relative change in permeability (at an 
effective pressure of 40 MPa) is associated with an 
increase in the opening of cracks in the sample. 

During the test for the sample No. 2, a discharge was 
carried out to determine the permeability of the sample 
when the effective pressure on the it was reduced after 
realization of 50 % of loading from the ultimate sample 
strength at volumetric compression (Fig. 3). Sample 
unloading was carried out stepwise and identical to the 
experiment during loading. 

When the load was removed, the permeability was 
not restored, which indicates the lack of elastic recovery 
of the pore space for the tested clay reservoir samples. 
The overall permeability reduction is up to 50 % of the 
original value.  

A decrease in reservoir pressure leads to an increase in 
effective pressure and to an irreversible decrease in the 
permeability of clay reservoirs. In the fields, it is necessary 
to use appropriate reservoir pressure maintenance systems 
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Fig. 3. Dependence of the coefficient of relative permeability 
change 0/k k  of sample No. 2 on the effective pressure 

(loading-unloading curve) 
 

 
 

Fig. 4. Graph of relative phase permeability 
versus water saturation 

 

 
 

Fig. 5. Position of the Oil Displacement Front in the reservoir 
by years water saturation; Borehole spacing; Injection well 

 

 
 

Fig. 6. Reservoir Pressure Distribution 
from water saturation in logarithmic coordinates 

 

 
 

Fig. 7. Graph of coefficient changes of reservoir elastic 
capacity depending on water saturation 

from the beginning of development. When planning and 
carrying out geological and technical measures at wells, 
it is necessary to take into account the influence of the 
composition of injected fluids on the properties of 
rocks, when conducting hydraulic fracturing, it is 
necessary to consider the decrease in rock strength from 
the current water cut. 
 

Calculation of pressure distribution 
in the reservoir considering water saturation 

 
To determine the relative permeability coefficients of 

rocks the following expressions were used:  
 

 
( )

( )

ОН

В ВС
ОВ ОВ

ОН ВС

ОН В
ОН ОН

ОН ВС

1
1
1

,

,

EXO

S
EXW

Swir

S Sk k S S
S Sk k S S

 −
=   − − 

 − −
=   − − 

 (2) 

 
where ( )

ОНОВ Sk  – final value of relative water permeability; 
ВS  – current value of water saturation, decimal quntity; 
ОНS  – residual oil saturation, decimal quantity saturation by 

the connected water; ВСS  – saturation by the connected 
water, decimal quantit.; EXO  – exponential value of relative 
oil permeability; ( )ОН Swirk  – final value of relative oil 
permeability; EXW  – exponential value of relative water 
permeability. 

Fig. 4 shows the curves of relative phase permeability 
together with the curve ( )/ /ОН Н ОВ Вk k kμ + μ  according 
to the auxiliary scale. 

Let's consider a flat-radial inflow into a well. The flow 
rate of a production well is determined by the formula (3): 
 
 ОН ОВ

ЭФ
КН В

с

2 ,
ln

k k PQ k h R
r

  Δ= π +  μ μ 
  (3) 

 
where μ – fluid viscosity, MPa∙с; k – permeability, mD; 
ЭФh  – reservoir thickness, m; PΔ  – differential pressure, 

MPa; кR  – radius of external reservoir boundary, m; r – 
borehole radius, m. 

The Buckley-Leverett method [50–57] was used to 
determine saturation at the displacement front 
ВФВ 58 %.S =  To determine the time of breakthrough of 

the displacement front into the well it can be used the 
formula (4): 
 

 ( )
2

пор К ЭФ

в
' .'

m R ht Q f S
π

=   (4) 

 
The position of the displacement front at any given 

time is determined by formula (5). The results of the 
calculations are presented graphically in Fig. 5. The 
displacement front breaks through from the injection well 
to the production well in 2289 days (6 years and 4 
months). 
 

 ( )в2
К

ЭФ пор

' .t Q f Sx R h m= −
π

 (5) 

 
In addition, the calculation of the pressure distribution in 

the reservoir at a constant flow rate of the well from the 
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distance between the wells was performed according to the 
formula (6): 
 
 ( ) 0 К

К
СОН ОВ

ЭФ
Н В

ln ,
2

Q Rp r p rk kk h
 

= −      π +  μ μ 

  (6) 

 
where кp  – pressure at external reservoir boundary, atm; 

0Q  – well flow rate, m3/day. 
The pressure distribution in the reservoir is shown in 

Fig. 6 in logarithmic coordinates.  
The curve corresponding to 50% water content and 

50 % oil content in the rock has the largest pressure 
reduction in the graph – the pressure at the bottom of the 
well is 25 % lower than when the well is started at the 
saturation by the bound water ВСS  = 20 %. For the "50 % 
water" plot, the minimum pressure at the bottom of the well 
is explained by the dependence on the relative phase 
permeability (see Fig. 4). The rate of decline in oil 
permeability is higher than the rate of increase in water 
permeability. 
 

Determination of the dependence 
of elastic capacity and piezoconductivity 
on saturation 

 
Based on the results of studies of physical-mechanical 

and filtration-capacitance properties it was found that 
elasticity changes depending on saturation and stage of 
development. 

The relationship (7) is used to determine the reservoir 
compressibility factor: 
 

 ( )3 1 21 ;  ,K E
− ν

β = β =   (7) 
 
where β – compressibility factor, Pa–1; K – modulus of 
volumetric elasticity, Pa; E – modulus of elasticity, Pa; 
v – Poisson's ratio (v = 0,17). 

The elastic capacity of a reservoir is determined by the 
expression (8): 
 
 *

ж п ,mβ = β + β  (8) 
 
where жβ  – fluid compressibility coefficient, Pa–1; пβ  – 
compressibility coefficient of rock, Pa–1; m  – porosity 
coefficient, decimal quantity.  

For saturated rock samples, the elastic capacitance 
coefficient was assumed to be equal to the compressibility 
coefficient. Figure 7 shows the values of the reservoir 
elastic capacity coefficient. A trend line was drawn to the 
average values obtained as a result of the calculation 
based on experimental data.  

The piezoconductivity factor is determined by the 
relationship (9): 
 

 ОН ОВ
* *

Н В

1 ,k kk k  
χ = = +  μ μμβ β 

  (9) 
 
where χ  – piezo conductivity, m2/s; k  – permeability, 
mD; μ – fluid viscosity, mPa∙с; *β  – reservoir elastic 
capacity coefficient, Pa–1. 

Figure 8, a, shows a graph of the dependence of 
piezoconductivity on water saturation. The graphs are 
limited to the values of water saturation of 20 and 70 %, 
 

 
а 

 
b 

 
Fig. 8. Graph of piezoconductivity variation: a – as a function 

of water saturation; b – as a function of distance between wells 
at the moment of approach of the displacement front to the well 

 
since in the conditions of solving the problem the values of 
the saturation of the bound water were SBC = 20 % and 
residual oil saturation SOH = 30 %. The change in 
piezoconductivity is parabolic in nature.  

Using the dependencies of the piezo conductivity 
distribution of the reservoir on the saturation of the reservoir 
with water, it is possible to determine the dependence of the 
change in the piezo conductivity of the reservoir at a certain 
point in time on the distance between the wells.  

The fall of piezo conductivity with an increase in water 
saturation is explained by a decrease in the mobility of oil 
and water to a ratio of 50/50 %, as well as by the 
inversely proportional relationship to the compressibility 
coefficient, which, in turn, with increasing water 
saturation, increases. After crossing the point 
corresponding to the oil-water values 50/50 %, there is an 
increase in piezo conductivity from water saturation. 

Figure 8, b, shows the curve of change in piezo 
conductivity as a function of the distance between the 
wells at the moment of the displacement front approaching 
the production well. The sharp jump in water cut and 
piezo conductivity is explained here by the application of 
the model of non-piston displacement of oil by water, 
according to which before the displacement front, the 
water saturation is equal to the saturation of bound water 
SBC = 20 %. The relative phase permeability values for oil 
in this area are significantly higher than the relative phase 
permeability for water at the displacement front and 
beyond it (SВФВ = 58 %).  

From the performed calculations it can be seen that the 
piezo conductivity in the watered and non-watered zones 
of the reservoir differs by about 2 times and, therefore, the 
rates of pressure redistribution in these zones will be 
different. This difference must be taken into account 
during implementation of reservoir pressure maintenance 
systems in order to prevent pressure reduction in 
individual zones and thus reduce their permeability. 
 

Conclusion 
 

Based on the results of theoretical and experimental 
studies, the following recommendations can be made: 
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1. When taking samples in the field, special attention 
should be paid to maintaining their natural saturation. 

2.  In case of leakage of the package of samples selected 
for testing in laboratory conditions it is necessary to recreate 
the composition of the fluid saturating the rock according to 
the stage of field development since the strength, elastic and 
filtration properties of the rock depend on this. 

3.  From the beginning of field development, it is 
necessary to compensate for fluid withdrawal from the 
reservoir by injection using reservoir pressure maintenance 
systems. An increase in the effective pressure on the reservoir 
rock in the process of oil field development leads to an 
irreversible loss of permeability of clay rocks. 

4.  When choosing the water injection pressure in the 
reservoir pressure maintenance system, take into account the 
physical and chemical impact of water on the reservoir and 
the associated decrease in strength and elastic properties in 
order to prevent the effect of auto-fracturing and water 
breakthrough into undesirable areas of the reservoir. 

5.  While planning and carrying out geological and 
engineering operations at wells, it is necessary to take into 
account the influence of the composition of injected fluids on 
the strength, elastic and filtration properties of rocks. 

6.  Performing hydraulic fracturing take into account the 
decrease in rock strength due to the current water cut of the 
bottom-hole zone of the reservoir. 
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