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1. Introduction

There is a close relationship between the elastic properties of formation rocks and porosity [1-4]. The elastic properties of 
rocks mainly include bulk modulus (K), shear modulus (μ), matrix mineral bulk modulus (Ko) and matrix mineral shear modulus 
(μo). The predecessors have done a lot of research on rock elastic properties and petrophysical parameters [5-9]. These studies can 
well describe the relationship between porosity and rock elastic properties. From the perspective of rock mass deformation, it can 
be used to describe the change law of porosity in the process of rock deformation [10-12]. Gassmann’s theoretical equation and 
Biot’s theoretical equation can better describe the relationship between the porosity and elastic properties of poroelastic rocks, 
but these theoretical equations assume that the rock skeleton is a homogeneous medium at the pore scale level [13-17].
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In fact, the rock skeleton contains different types of pores, and the pores contain fluid components; therefore, during the stress 
loading process, different pore types have a certain degree of influence on the effective stress of the rock [18-20]. The effective 
stress acting on the rock is affected by the combined action of confining pressure (environmental stress) and pore pressure [21, 
22]. Taking into account the non-uniformity of the rock skeleton of the pore-scale layer, the effective stress coefficient of porosity 
(n) is often used to adjust the proportion between them, so as to better describe the influence of porosity disturbance on the elastic 
properties of rock [23-26].

Both the bulk modulus of rock matrix mineral Ko and the matrix mineral shear modulus μo represent the important mechanical 
properties of underground pore elastic rock media, reflecting the rock mechanical properties under the conditions of interaction 
of various minerals in the rock [27-29]. Its accurate evaluation or estimation is of great significance to the inversion of pore 
and fracture morphology, oil and gas prediction, and reservoir inversion. But in fact, the precise acquisition of these parameters 
is almost unrealistic. Therefore, a variety of methods for predicting the modulus of rock matrix minerals have emerged. These 
prediction methods mainly include: prediction methods based on Gassmann’s fluid substitution theory, differential equivalent 
medium theory prediction methods, adaptive matrix mineral modulus extraction methods, and mineral component content estimation 
methods [25-30]. The above methods can roughly estimate the mineral modulus of the rock matrix, but there are often problems 
with many undetermined parameters. As a result, when different calculation methods are used to predict the rock matrix mineral 
modulus of the same formation, the results may have large deviations. Finally, the reliability of the calculation method is reduced.

In this paper, taking tight sandstone as an example, starting from the microscopic pore scale and considering the heterogeneity 
of the rock skeleton, the effect of the effective stress coefficient of porosity (n) on the elastic properties of tight sandstone was 
discussed. In addition, the acoustic model was used to construct the calculation method of the matrix mineral shear modulus. This 
study can provide a reference for logging evaluation of rock elastic properties of tight sandstone reservoirs.

2. Materials and methods

Materials. In this paper, the deep tight sandstone with a buried depth of more than 5000 m in area A has been tested for 
physical properties and undrained uniaxial acoustics. The sample size is 25×50 mm. Acoustic testing equipment includes three-
axis chamber, computer and oscilloscope. The ultrasonic transmitting transducer and the ultrasonic receiving transducer are 
installed in the three-axis room, the frequency of which is 1MHz; the type of oscilloscope is Philips digital storage oscilloscope. 
In addition, the internal mineral components of tight sandstone are mainly quartz, feldspar and lithic debris. The average density 
of the rock is 2.41 g/cm3, and the average porosity is 9%. 

Porosity perturbation method. According to Biot theory, the rock porosity change Δη can be expressed by the following 
Equation according to the rock skeleton (( ,

s
j ju ) and the volume strain of pore fluid ( ,

f
j ju ):

	 , ,0 ,
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where, δs and δf are dimensionless coefficients, which can be expressed as Equations:
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where Kf is the fluid bulk modulus, GPa; δKs is a modified Biot volume coefficient, δKs=(α–η0)/(1–η0); M
 ′ can be expressed by 

equation
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M–1 can be expressed as: 1−M =η0/Kf+(α-η0)/Ks, and further, the bulk modulus (Kud) of undrained rock can be expressed as:

	
1

0( (1 )( )) .−= + α α − − α − ηud oK K n M 		 (5)

When n takes 1 in Equation (5), the effect of porosity disturbance is not considered at this time, and the equation can be 
simplified to Equation (6), which is the expression of Gassmann’s non-drained bulk modulus.
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2 .= + αud oK K M 		 (6)

Acoustic model. Gassman equations (Equations (7)-(8) can generally be used to construct the vertical and horizontal wave 
velocity of the rock under the condition of formation saturated with water [31-33]. The density of rock under formation conditions 
can be expressed by Equation (9) according to the density of the rock skeleton ρ, the density of saturated fluid ρfl and the porosity j.
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where Vp and Vs are the longitudinal wave velocity and shear wave velocity of the rock under the saturated formation condition, 
km/s; K and μ are the bulk modulus and shear modulus of the rock under the formation saturated condition, GPa.

According to (8) and (9), we can get:
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According to the Biot – Gassmann theory, the Biot coefficient α is introduced. At this time, the rock bulk modulus K and 
shear modulus μ can be expressed as:

	
2
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where Ko and μo are the bulk modulus and shear modulus of the matrix mineral, respectively, GPa; kfl is the bulk modulus of the 
saturated fluid, which is calculated by Wood’s equation, GPa.

The Biot coefficient can be determined according to Equation (14):
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where ρd is the dry rock density, g/cm3; Vpd and Vsd are the dry rock longitudinal wave velocity and dry rock shear wave velocity, 
km/s, respectively.

Substituting Equation (11)-(12) into Equation (11), we can get equation:
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Equation (15) shows that the wave velocity ratio (Vp /Vs) is a function of the introduced Biot coefficient α. The satisfied 
relationship between the vertical and horizontal wave velocities of the test rock samples is as equation:

	 (1 ) ,= γ − j nVs VpG 		 (16)

where γ is the Vs/Vp ratio of the matrix mineral, dimensionless; G is the fitting parameter, dimensionless.
According to equation (7)-(8) and Equation (16), we can get equation:
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Substituting Equation (17) into Equation (10), Equation (18) can be obtained:
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Equation (18) shows that the ratio of the wave velocity of the vertical and horizontal waves of the rock is a function of the 
porosity of the rock, thus realizing the effective replacement of the Biot coefficient by the porosity. The value range of n is 0-1. 
The value of n is related to factors such as rock type, rock consolidation degree and mineral content. For the deep tight sandstone 
in this study, n is taken as 1. In this case, equation (18) can be transformed into equation:

	

2
o o
2 2

o

3 4
.

3 (1 )
+ μ  =   μ − j

KVp
Vs G 		

(19)

It can be seen from Equation (19) that (Vp/Vs)
2 and (1–f)-2 satisfy a linear relationship.For parameter G, its value range is 0-1, 

and the value should also satisfy Equation (10).
According to Equation (19), the corresponding slope can be obtained by using the linear relationship between (Vp/Vs)

2 and 
(1–j)-2. Ko can be obtained according to the linearization method derived from the Gassmann fluid substitution equation [34-36]. 
The relationship between rock porosity j and equivalent volumetric compressibility βv is shown in equations:

	 ,j = β −A v B 		 (20)
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where βf is the compressibility of the saturated fluid, 10-3GPa; βs is the mineral compressibility of the rock matrix, 10-3GPa; C is 
the rock pore structure parameter.

βv can be expressed by Eq. (23). Comparing Eq. (21) and Eq. (22), the expression of the bulk modulus of rock matrix minerals 
can be obtained, as shown in eqution (24).
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v
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	 μo = A/B.  (24)

3. Results and analysis

Rock bulk modulus (Ks) and matrix mineral bulk modulus (Ko). It can be seen from Figure 1 that when the value of n is 
in the range of 0-4, Kud>Ks. In the process of increasing from n=0 to n=4, the rock Kud has a slight increase trend. For Kud and 
Ko, when n=0, the fluid pressure does not produce a reverse stress on the movement of the rock pore boundary, that is, the fluid 
pressure does not have any effect on the change of rock porosity. At this time, Kud=Ko. When n>0, the pore fluid pressure will 
affect the movement of the rock pore boundary to a certain extent. At this time, Kud>Ko (Figure 1).

Relationship between rock bulk modulus Kφ and porosity. It can be seen from Figure 2 that in the range of n=0 to 1, the 
6 sets of test data basically fall on the curve in the range of n=0.4 to 0.8, and the average value of n is about 0.6, indicating that 
the porosity perturbation equation can more accurately describe the changes in the elastic properties of the target rock.

The pore compressibility coefficient (Cφ) of unencapsulated rock is related to the rock pore compressibility coefficient (Cpc) 
under confining pressure and the rock pore compressibility coefficient (Cpp) under pore pressure conditions, which can be expressed 
as: Cφ=Cpc–Cpp. Then we can get: 

	 0
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Correspondingly, the pore bulk modulus of unencapsulated rock Kj=Cj
-1. When n is 1, the porosity disturbance is not considered, 

at this time Kφ=Ks. The results of the triaxial mechanics test show that the n value of the formation rock is <1, therefore, Kφ<Ks. 
As the value of n gradually decreases from 1 to 0, the calculated rock Kφ gradually decreases.

Since the six sets of mechanical test data in Fig. 2 showed that the n value of tight sandstone in this area is mainly distributed 
in the range of 0.4 to 0.8, the average value is 0.6. Therefore, the intersection of the rock Kφ and the porosity of the formation rock 
calculated under the three conditions of n=0.4, 0.6 and 0.8 was analyzed (Figure 3). It can be seen that Kφ has a good negative 
correlation with rock porosity, the data at the two ends have a slower trend, and the central data has a steeper trend. For the case 
where n takes an average value of 0.6, as the porosity of the formation rock increases from about 2.1% to 4.7%, the corresponding 
rock Kφ decreases from about 24 GPa to 6.2 GPa. Porosity has a significant influence on the rock Kφ. When the porosity disturbance 
is not considered, the Kφ value of the formation rock will be overestimated.

Determination of the shear modulus of matrix minerals Ko. The lithology of the studied tight sandstone samples is mainly 
feldspar lithic sandstone, and the tight particle contact relationship of the tight sandstone can be seen under the scanning electron 

Fig. 1. Relationship between Kud and Ks and Ko

Fig. 2. Relationship between rock Ks and Ks′
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microscope (Figure 4). The permeability of the samples is less than 1mD, which belongs to tight sandstone. Under the saturated 
condition of each sample, the measured longitudinal wave velocity is greater than the transverse wave velocity. For samples 
with relatively high porosity and relatively low density, the measured longitudinal wave velocity is relatively small. Because the 
main mineral components of the sandstone are quartz, plagioclase, calcite, pyrite and clay minerals. Moreover, minerals such as 
plagioclase, calcite and pyrite have high Ko values. Minerals such as quartz and pyrite have high μo values. Therefore, the mineral 
composition and microscopic contact patterns in the rock are the important reasons for the high ko and μo values of the tight 
sandstone in this formation. At the same time, the burial depth of the tight sandstone formation is relatively large, and the vertical 
effective stress can reach 66 MPa, so the matrix mineral modulus is relatively high or the compressibility is relatively small.

Firstly, the βv of each group of samples is obtained according to Equation (17). From Equation (14), it can be known that βv and 
the porosity of each group of samples satisfy a linear relationship. A and B are calculated according to the slope, and according 
to Equation (18), the matrix mineral bulk modulus of the sandstone of the formation is calculated as Ko=73 GPa. There is a very 

Fig. 3. Relationship between Kφ and porosity of tight sandstone in the target layer

Fig. 4. Tight particle contacts relationship of tight sandstone
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good linear relationship between (Vp /Vs)
2 and (1–j)-2 (Figure 5). Furthermore, according to the slope of the curve, Ko and G 

values, the shear modulus of the rock matrix mineral of the formation can be calculated as μo=55 GPa.
The Ko and μo values of deep-seated tight sandstone samples determined by this method can be compared with the results of 

mineral composition estimation. The sandstone of this formation is dense, and the micrograph shows that most of the grains are 
in contact with points, lines, and bumps.The cuttings are mainly flint cuttings, in addition to some clay cuttings, volcanic cuttings 
and quartz cuttings. Moreover, the interstitial material is calcite, which is plaque-like, with continuous and granular cementation, 
and is evenly distributed in the intergranular pores. The siliceous material is occasionally enlarged by quartz, and a small amount 
of secondary pyrite can be seen at the same time. The clay is mainly distributed among the debris and is in the form of a mud 
film. On the whole, the calculated results are consistent with the mineral composition and structure of tight sandstones, indicating 
the reliability of the method in this paper.

4. Conclusions

In this paper, taking tight sandstone as an example, starting from the microscopic pore scale and considering the heterogeneity 
of the rock skeleton, the effect of the effective stress coefficient of porosity (n) on the elastic properties of tight sandstone was 
discussed. In addition, the acoustic model was used to construct the calculation method of the matrix mineral shear modulus. 

The research results showed that the porosity disturbance model can better describe the change law of the elastic properties of 
the tight sandstone. As the value of n decreases from 1 to 0, the bulk modulus (Kφ) of the unencapsulated rock gradually decreases. 
In the process of increasing from n=0 to n=4, the rock Kud has a slight increase trend. 

The fluid pressure does not produce a reverse stress effect on the movement of the rock pore boundary, that is, the fluid pressure 
does not have any effect on the change of the rock porosity. When n>0, the pore fluid pressure will affect the movement of the 
rock pore boundary to a certain extent. When the porosity disturbance is not considered, the Kφ value of the formation rock will 
be overestimated. 

The Ko of tight sandstone can be obtained using Gassmann fluid substitution equation. The calculation results of modulus 
parameters accord with the internal mineral composition and structural characteristics of tight sandstone, which shows the 
effectiveness of the method.
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