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. 1.       (   [ , -
, , 1979])     : 2.5  ( ); 50  

(  ), 100  ( ) 
 1, 2 � :  (1),  (2); 3, 4 � :  (3), -

 (4); 5 �      -  ;  
6 �  - ; 7 �   
 
Fig. 1. The dependence of the velocity of longitudinal waves on temperature (according to [Avchyan, 
Matveenko, Stefankevich, 1979]) in water-saturated rocks at pressures: 2.5 MPa (above); 50 MPa (cen-
ter), 100 MPa (below) 
 1, 2 � sandstones: quartz (1), artificial (2); 3, 4 � siltstones: quartz (3), carbonate (4); 5 �
polymictic sandstones and siltstones with clay-carbonate cement; 6 � organo-detrital limestones; 7 �
red-colored clays 
 



          

 . 2021.  22.  2 

65

 
 

. 2.       ( )   
( )    ,   (  )   
(   ),    15.0    [Wang, Nur, 1986]. 1�4 � 

  (    R2),  : 
VP( )/VP( 0)=100.9 � 0.0352 , R2=0.87 (1); VP( )/VP( 0)=166.03  �0.162, R2=0.94 (2); VS( )/VS( 0)=  
=100.7 � 0.0604 , R2=0.98 (3); VS( )/VS( 0)=137.75  �0.109, R2=0.96 (4).    . 3, 6, 8, 9  
VP( ), VS( ), VP( 0), VS( 0) �        ( )   
( 0) , /  
 
Fig. 2. Influence of temperature on the normalized velocities of longitudinal (above) and transverse 
(below) waves in Massilon sandstones saturated with wax (icons with filling) or water (icons without 
filling) at uniform pressure of 15.0 MPa according to [Wang, Nur, 1986]. 1�4 � approximating curves 
(with coefficients of determination R2) described by the equations: VP( )/VP( 0)=100.9 � 0.0352 , 
R2=0.87 (1); VP( )/VP( 0)=166.03  �0.162, R2=0.94 (2); VS( )/VS( 0)=100.7 � 0.0604 , R2=0.98 (3); 
VS( )/VS( 0)=137.75  �0.109, R2=0.96 (4). Here and in Fig. 3, 6, 8, 9 VP( ), VS( ), VP( 0), VS( 0) � velocities of 
longitudinal and transverse waves at current (T) and initial (T0) temperatures, km/s 
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. 3.       VP ( )   -
   VP( )/VP( 0) ( )   ,   -

 (  ),  (   ),  (    ),  
  20.0     5.0  (   [Wang, Nur, 1986]). 

1�6 �   (    R2),  -
: VP=1.975 � 0.0011T, R2=0.96 (1); VP=2.758T �0.103, R2=0.95 (2); VP=1.508 � 0.0008T, 

R2=0.97 (3); VP( )/VP( 0)=101.54 � 0.0566T, R2=0.96 (4); VP( )/VP( 0)=100.76 � 0.0546T, R2=0.97 (5); 
VP( )/VP( 0)=138.2T �0.103, R2=0.95 (6) 
 
Fig. 3. Influence of temperature on longitudinal wave velocities VP (above) and normalized velocities 
of longitudinal waves VP( )/VP( 0)  (below) in Ottawa sandstones saturated with heavy oil (icons with 
filling), water (icons without filling), air (icons with partial filling), at uniform pressure of 20.0 MPa 
and a pore pressure of 5.0 MPa (according to [Wang, Nur, 1986]). 1�6 � approximating curves (with 
coefficients of determination R2) described by the equations: VP=1.975 � 0.0011T, R2=0.96 (1); 
VP=2.758T �0.103, R2=0.95 (2); VP=1.508 � 0.0008T, R2=0.97 (3); VP( )/VP( 0)=101.54 � 0.0566T, R2=0.96 
(4); VP( )/VP( 0)=100.76 � 0.0546T, R2=0.97 (5); VP( )/VP( 0)=138.2T �0.103, R2=0.95 (6) 
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    [Bourbie, Coussy, Ziszner, 1987]    VP 
  ( )  P     -

        -
        ( . 4). 

 

 
 

. 4.   ( )      -
         f=3.0 :  � 

100 % ;   � 50 %   50 % ;  � 100 %  (  [Bourbie, Coussy, 
Ziszner, 1987]  ) 
 
Fig. 4. Influence of differential (effective) pressure and temperature on the velocities of longitudinal 
waves at different saturation and constant pore pressure f=3.0 MPa: on the left � 100 % water; in the 
center � 50 % water and 50 % oil; on the right � 100 % oil (according to [Bourbie, Coussy, Ziszner, 
1987] with changes) 
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. 5.     ( )   ( )    
     P =2.0    1�7  -

  m , %: 10.3 (1), 20.2 (2), 21.3 (3), 22.5 (4), 23.1 (5), 24.0 (6), 28.5 (7). 8 � 
     ;   �   

(    R2),  : VP(T)=3.0285 � 0.0024T,  
R2=0.97 ( )  VS(T)=1.6203 � 0.0015T, R2=0.99 ( ).    . 6�10  

         
 
Fig. 5. Plots of changes in the velocities of longitudinal (on the left) and transverse (on the right) 
waves with increasing temperature at a constant effective pressure P =2.0 MPa in samples 1�7 with 
porosity coefficients m , %: 10.3 (1), 20.2 (2), 21.3 (3), 22.5 (4), 23.1 (5), 24.0 (6), 28.5 (7). 8 � the 
average velocity value for seven samples; dashed lines � approximating straight lines (with coeffi-
cients of determination R2) described by the equations: VP(T)=3.0285 � 0.0024T, R2=0.97 (on the left) 
and VS(T)=1.6203 � 0.0015T, R2=0.99 (on the right). Here and in Fig. 6�10 vertical lines indicate stan-
dard errors in determining the average values of velocities 
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. 6.      ( )   
( )         P =2.0 . 

  �  ,   (2)  (3). -
   .  . 5 

 
Fig. 6. Plots of changes in the normalized velocities of longitudinal (on the left) and transverse (on the 
right) elastic waves with temperature at a constant effective pressure P =2.0 MPa. Dashed lines � 
approximating straight lines described by equations (2) and (3). The rest of notations see in Fig. 5 
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. 7.     ( )   ( )    
     P =37.0    1�5  -

  m , %: 22.8 (1), 22.6 (2), 21.2 (3), 22.8 (4), 24.9 (5). 6 �   -
   ;   �   (   

 R2),  : VP(T)=3.5553 � 0.0015T , R2=0.97 ( )  VS(T)= 
=1.8920 � 0.0017T , R2 =0.98 ( ) 
 
Fig. 7. Plots of changes in the velocities of longitudinal (on the left) and transverse (on the right) 
waves with increasing temperature and constant effective pressure P =37.0 MPa in samples 1�5 with 
porosity coefficients m , %: 22.8 (1), 22.6 (2), 21.2 (3), 22.8 (4), 24.9 (5). 6 � the average velocity 
value for five samples; dashed lines � approximating straight lines (with coefficients of determina-
tion R2) described by the equations: VP(T)=3.5553 � 0.0015T, R2=0.97 (on the left) and VS(T)=  
=1.8920 � 0.0017T , R2 =0.98 (on the right) 
 

 
 

. 8.      ( )   
( )         P =37.0 . 

  �  ,   (4)  (5). -
   .  . 7 

 
Fig. 8. Plots of changes in the normalized velocities of longitudinal (on the left) and transverse (on the 
right) elastic waves with temperature at a constant effective pressure P =37.0 MPa. Dashed lines � 
approximating straight lines described by equations (4) and (5). The rest of notations see in Fig. 7 
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  ,       -
     ( . . 6, 8)   ,   

  ( . . 1)   [ , , , 1979]. 
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. 9.      ( )   ( -
)        2.0  (  )  

37.0  (  ).    . 10       
 (  P =2.0 )    (  P =37.0 ) .   � -

  (    R2),  : 
VP( )/VP( 0)=100.73 � 0.0425T, R2=0.97  37.0   VP( )/VP( 0)=101.89 � 0.0839T, R2=0.98  
2.0  ( ); VS(T)/VS(T0)=101.84 � 0.0889T, R2=0.99  37.0   VS(T)/VS(T0)=102.20 � 0.0881T, 
R2=0.99  2.0  ( ) 
 
Fig. 9. Plots of changes in the normalized velocities of longitudinal (on the left) and transverse (on the 
right) elastic waves with temperature at an effective pressure of 2.0 MPa (black icons) and 37.0 MPa 
(gray icons). Here and in Fig. 10, each icon displays the average value for seven (at P =2.0 MPa) or 
five (at P =37.0 MPa) samples. Dashed lines � approximating straight lines (with coefficients of de-
termination R2) described by the equations: VP( )/VP( 0)=100.73 � 0.0425T, R2 = 0.97 at 37.0 P  and 
VP( )/VP( 0)=101.89 � 0.0839T, R2=0.98 at 2.0 P  (on the left); VS(T)/VS(T0)=101.84 � 0.0889T, R2=0.99 
at 37.0 P  and VS(T)/VS(T0)=102.20 � 0.0881T, R2 =0.99 at 2.0 MP  (on the right) 
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   ( . . 9 ).     

 VP  VS      2.0    -
      .  

   37.0      -
 ,        -

.          -
,       ,      

   .  ,   -
    VP/VS       

37.0   ,     2.0  ( . 10). 
 

 
 

. 10.          
VP/VS      2.0  37.0 .   � -

  (    R2),  :  
VP/VS=0.0009T + 1.8771, R2=0.92  37.0  (  )  VP/VS=0.00007T + 1.8916, R2=0.05 

 2.0  (  ) 
 
Fig. 10. Plots of changes in the ratio of the velocities of longitudinal and transverse elastic waves 
VP/VS with temperature at an effective pressure of 2.0 and 37.0 MPa. Dashed lines � approximating 
straight lines (with coefficients of determination R2) described by the equations: 
VP/VS=0.0009T + 1.8771, R2=0.92 at 37.0 P  (gray line) and VP/VS=0.00007T + 1.8916, R2=0.05 at 
2.0 P  (black line) 
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. 11.     E,  ( )    G,  ( )  
      2.0   37.0 . 1�7 � -

  P =2.0      m , %: 10.3 (1), 20.2 (2), 
20.2 (3), 21.3 (4), 23.1 (5), 24.0 (6), 28.5 (7); 8�12 �   m , %: 21.2 (8), 22.8 (9), 22.8 (10), 
24.9 (11), 22.6 (12),   P =37.0 ; 13�16 �   

   ,    1�7 (13, 15)  8�12 (14, 16), 
  (7)�(10) 

 
Fig. 11. Plots of changes in Young's modulus E, GPa (above) and shear modulus G, GPa (below) with 
increasing temperature at a constant effective pressure of 2.0 MPa and 37.0 MPa. 1�7 � samples tested 
at P =2.0 MPa with porosity coefficients m , %: 10.3 (1), 20.2 (2), 20.2 (3), 21.3 (4), 23.1 (5),  
24.0 (6), 28.5 (7); 8�12 � samples with m , %: 21.2 (8), 22.8 (9), 22.8 (10), 24.9 (11), 22.6 (12), test-
ed at P =37.0 MPa; 13�16 � approximating straight lines of the average values of elastic moduli, cal-
culated from samples 1�7 (13, 15) and 8�12 (14, 16), described by equations (7)�(10) 
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      G    -
 ,         

     ( . . 11, ): 
G = 5.862 � 0.0113 ,   P =2.0 ,      (9) 
G = 7.988 � 0.0157 ,   P =37.0 ,    (10) 
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. 12.           
  2.0  37.0 .   �   (  -

  R2)   ,  :  1�7  
P =2.0  =0.00004T + 0.3007, R2=0.15 (  );  8�12  P =37.0  

=0.0002T + 0.3024, R2=0.93 (  ).   .  . 11 
 

Fig. 12. Plots of changes in Poisson's ratio  with increasing temperature at constant effective pres-
sure of 2.0 and 37.0 MPa. Dashed lines � approximating straight lines (with coefficients of determina-
tion R2) of average values of , calculated from: samples 1�7 at P =2.0 MPa =0.00004T + 0.3007, 
R2=0.15 (black line); samples 8�12 at P =37.0 MPa =0.0002T + 0.3024, R2=0.93 (gray line). The 
notations see in Fig. 11 
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. 13.        (  
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  E (1),  G (2),   K (3),    (4)  
P =2.0  (   )   P =37.0  (  ).   � 

      ,  
    P =2.0 ;   �    P =37.0   

 
Fig. 13. Plots of changes in average values of normalized elastic moduli (vertical axis, %) with tem-
perature at constant effective pressure of 2.0 and 37.0 MPa. 1�4 � elastic moduli of Young E (1), shear 
G (2), bulk K (3), Poisson's ratio  (4) at P =2.0 MPa (icons without filling) and at P =37.0 MPa 
(icons with filling). Dashed lines � approximating straight lines of the average values of the normal-
ized elastic moduli, described by the equations from Table at P =2.0 MPa; solid lines � the same at 
P =37.0 MPa 
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Abstract. The paper presents the results of laboratory studies of rocks at temperature increase. Previously pub-
lished data on the influence of temperature increase up to 600 °C on physical and mechanical properties of dry 
sandstones, carbonate, metamorphic and sedimentary rocks are considered. It is shown that the main reasons for 
the change in their elastic properties are differences in the expansion of mineral grains and the occurrence of 
cracks at a high temperature (about 400 °C), as well as the decomposition of complex minerals such as kaolinite. 
 Analysis of published data on changes in longitudinal wave velocities with an increase in temperature 
from 20 °C to 100 °C in sandstone samples saturated with crude oil, air and brine showed that the velocity of 
longitudinal waves in samples saturated with crude oil decreases faster than in dry or water-saturated samples. 
This is due to the rapid decrease in longitudinal wave velocity with increasing temperature in the crude oil, pos-
sibly due to the melting of individual oil components. Since, the influence of temperature increase with depth 
and with additional thermal effects on the physical properties of hydrocarbon reservoirs is poorly investigated, 
the estimation of velocity reduction in water-saturated reservoirs is an urgent task.  
 The results of experimental studies of the influence of temperature increase from 20 °C to 80 °C on the 
velocity of longitudinal and transverse waves of water-saturated sandstone samples at various effective pressures 
are presented. It is shown that for water-saturated samples, at an effective pressure of 2.0 MPa, the changes in 
the velocities of longitudinal and transverse waves from temperature are almost the same, but at an effective 
pressure of 37.0 MPa, the changes in the velocity of the longitudinal wave from temperature are almost two 
times less than the velocity of the transverse wave.  
 The dependences of elastic moduli on temperature obtained experimentally showed that only Poisson�s 
ratio increases with increasing temperature, and a higher effective pressure only enhances this tendency. All oth-
er elastic moduli decrease as the temperature increases, which makes it possible to expect a decrease in strength 
of rocks, in particular, shear strength. This may look like an increase in the plasticity of rocks with an increase in 
temperature, which is accompanied by an increase in Poisson's ratio. The dependences of the elastic characteris-
tics of oil and gas reservoirs on temperature obtained in this paper can be used in the preparation of field devel-
opment projects, in particular, in the planning of thermal impact methods. 
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