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Abstract
The drilling-related geomechanics requires a better understanding of the encountered formation properties such as poroelastic 
parameters. This paper shows set of laboratory results of the dynamic Young’s modulus, Poisson’s ratio, and Biot’s coef-
ficient for dry and water-saturated Istebna sandstone samples under a series of confining pressure conditions at two different 
temperatures. The predicted results from Wyllie’s equation were compared to the measured ones in order to show the effect 
of saturation on the rock weakening. A negative correlation has been identified between Poisson’s ratio, Biot’s coefficient and 
confining pressure, while a positive correlation between confining pressure and Young’s modulus. The predicted dynamic 
poroelastic rock properties using the P-wave value from Wyllie’s equation are different from measured ones. It shows the 
important influence of water saturation on rock strength, which is confirmed by unconfined compressive strength measure-
ment. Linear equations have been fitted for the laboratory data and are useful for the analysis of coupled stress and pore 
pressure effects in geomechanical problems. Such results are useful for many drilling applications especially in evaluation 
of such cases as wellbore instability and many other drilling problems.
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Introduction

The drilling-related geomechanics requires a better under-
standing of the encountered formation’s properties such 
as poroelastic parameters because it allows researcher to 
address numerous technical challenges in petroleum indus-
try. The relationship between applied stresses, pore pres-
sures and strains has been investigated by many researchers 
in geomechanics discipline (Franquet and Abass 1999; Li 
et al. 2019; Messori et al. 2019). For example, the mechani-
cal models of rock properties using acoustic properties and 
the poroelasticity have a significant role in rock mechanics 

applications, especially in petroleum engineering, including 
reservoir engineering, directional drilling of wellbore (Knez 
2014), production, stimulation process such as hydraulic 
fracturing (King 1983; Ahmed et al. 2016) and proppant 
selection (Knez and Calicki 2018; Knez et al. 2019). Thus, 
solutions of technical issues related to exploration cannot 
be achieved without understanding the formation rock prop-
erties. In other perspective, it is necessary to understand 
the behavior of the stimulated formation. By understanding 
these rock properties, it is possible to do some simulation of 
the hydraulic fractures propagation, proppant performance 
and finally production efficiency (Quosay and Knez 2016; 
Knez and Mazur 2019; Quosay et al. 2020).

One of the benefits of understanding the mechanical prop-
erties of rock is the better interpretation the well-logging 
(Alexeyev et al. 2017). There are two kinds of measure-
ment involving the understanding of these poroelastic rock 
properties, which are the static and dynamic measurement 
(King 1969, 1983; Fjær 2009; Rajaoalison et al. 2019). The 
dynamic moduli are obtained from the velocities of elas-
tic waves and density, while the static moduli are derived 
from deformational experiments (Mavko et al. 2009). So, 
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the static measurement involves external forces to under-
stand the rock mechanical behavior, while the dynamic 
measurement uses acoustic waves, including compressional 
and shear waves. In this paper, the dynamic measurement is 
being used in order to understand the poroelastic properties 
behaviors of the rock samples, such as Poisson’s ratio (υ), 
Young’ modulus (E), and Biot’s coefficient. The applied load 
in porous rock is transmitted through the solid via granular 
contact by the fluid pressure (Ciccotti and Mulargia 2004; 
Sone and Zoback 2013; Rajaoalison et al. 2020). The con-
cept of effective stress, widely used in geomechanics, has 
been introduced by Terzaghi (Terzaghi 1936) and extended 
by Biot (1941). The relationship established by Terzaghi is 
limiting the case by rounding Biot coefficient to 1, while 
it varies between 0 and 1 based on rock properties, such 
as porosity but independents to fluid properties (Detournay 
and Cheng 1993; Gurevich et al. 2009). The contribution of 
the pore pressure to the effective stress is therefore quan-
tified by the Biot’s coefficient. Besides, the heterogeneity, 
nonlinearity, and anisotropy of the rock are the key com-
ponents of uncertainties of the accurate effective stress law 
model (Paterson and Wong 2005). As the Biot’s coefficient 
is considered as one of the keys factor in seismic analysis of 
porous media and the problems related to fluid substitutions 
(Gurevich et al. 2009), the assessment of such parameter is 
then important for the petroleum production prediction and 
helps to understand the distribution of the stress components 
in the wellbore wall as well as its surrounding.

In 1958 M. R. J. Wyllie, A. R. Gregory and G. H. F. Gard-
ner established a relationship between the predicted values 
of P-wave velocity through saturated rock samples from the 
measured values through dry samples. The understanding 
of difference between predicted values from Wyllie’s theory 
and measured in saturated rock is very important as it helps 
to know the influences of saturation on rock properties and 
thus the behavior of saturated formation. The understand-
ing of pore structure, lithology prediction, and seismic wave 
attenuation are the best practices of the Wyllie’s equation 
(Vernik 1994; Weger et al. 2004; Qadrouh et al. 2018). Apart 
from that, one of the most common laboratory tests in rock 
mechanic studies is the uniaxial or unconfined compressive 
test (UCS), which is used to estimate the compression rock 
strength. The UCS value depends strongly on water satura-
tion (Vallejo et al. 1989; Shakoor and Barefield 2009) exhib-
iting water influence on the rock properties. In this paper, 
it is performed to confirm the saturation influence on rock 
strength.

This study shows the detailed assessment of the dynamic 
mechanical properties of Istebna sandstone under confin-
ing pressures, including Young’s modulus, Poisson’s ratio, 
and Biot’s coefficient at two different temperature levels. 
The UCS measurement will also be performed to estimate 
the strength of Istebna sandstone in dry and water-saturated 

samples. Finally, the poroelastic parameters through satu-
rated samples will be predicted using the P-wave veloci-
ties from Wyllie’s equation in order to show the differences 
between measured and theoretical values. In this paper, the 
P- and S-wave velocities were measured in dry and water-
saturated conditions. The measured P-wave velocities from 
dry samples were used to predict the P-wave velocities of 
saturated samples, as the Wyllie’s equation is only applica-
ble to calculate the velocity of P-wave. As the poroelastic 
parameters are calculated using P- and S-wave velocities 
and density of the specimen, therefore the predicted P-wave 
velocities from Wyllie’s equation, S-wave velocities from 
dry samples, and density of samples are used to predict the 
poroelastic parameters, known as predicted values, while 
the P- and S-wave velocities of water-saturated samples are 
used to measure the poroelastic parameter, known as meas-
ured values.

Methodology

The mechanical properties of rock comprise elastic as well 
as inelastic properties (Baoping et al. 2005). The elastic 
properties refer to volume and shape resistance to deforma-
tion and as specified by Hooke’s law within small deforma-
tion (Eq. 1), in which the applied stress produces a propor-
tional strain (Timoshenko and Goodier 1934). The dynamic 
Young’s modulus and Poisson’s ratio are calculated using 
the Vs/Vp ratio and density of the rock sample by considering 
it as isotropic and linear elastic (Eqs. 2, 3) (Bailin 2001; Guo 
and Liu 2014; Rajaoalison et al. 2020):

where σ is the stress [Pa], ε is the strain [kg/cm3], VP is the 
velocity of P-wave [m/s], VS is the velocity of S-wave [m/s], 
ρ is the bulk density [kg/m3] that is ranging from 2.64 to 
2.69 kg/m3 for the studied samples, ν is the Poisson’s ratio 
[−], and E is the Young’s modulus [Pa].

Biot’s coefficient α is also known as effective stress coef-
ficient (Eq. 4):

where KS is the bulk modulus and K0 is the bulk modulus 
of solid matrix [in Pa]. The bulk modulus of solid matrix 
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(K0) is measured on unjacketed specimen where the pore 
pressure is equal to confining pressure (Franquet and Abass 
1999), while the bulk modulus, KS, is measured on jacketed 
specimen where the pore pressure is equal to zero and using 
Eq. 5:

The relationship developed by Wyllie et al. (Eq. 6) is used 
to estimate the dynamic values of saturated samples using 
the measurement from dry samples and thus the related 
parameters (Eqs. 2–5) in saturated condition (Wyllie et al. 
1956, 1958):

where VPpred is the predicted velocity of P-wave through sat-
urated rock, Vf is the velocity of P-wave through fluid [m/s], 
Vm is the velocity of P-wave through rock matrix [m/s], and 
Φ represents the porosity of the studied specimen [%]. It is 
a dimensionless parameter between 0 and 1 and it is some-
times expressed in % (Collins and Jordan 1961). The poros-
ity differs from one geological material to another based 
on the grain sizes, their orientation, as well as the presence 
of fractures. In this paper is used the total porosity. From 
the time-average equation (Eq. 6), the total porosity can be 
calculated using Eq. 7, in which the rock samples are consid-
ered as homogeneous, isotropic, and fluid saturated (Wyllie 
et al. 1956, 1958):

where Vf is the P-wave velocity through liquid, Vm is the 
P-wave velocity through rock matrix, and VP is the P-wave 
velocity through saturated samples, in which Vf = 1500 m/s 
that is through water and Vm = 4230 m/s is the P-wave veloc-
ity through the studied sandstone rock matrix.

Laboratory measurement

The measurement in this research has been conducted on 
Vinci technology AVS 1000 apparatus. This equipment is 
used to perform ultrasonic P- and S-wave velocity measure-
ments, composed of parametric pulsar, Tektronix digitizing 
oscilloscope, and sonic platens containing P- and S-wave 
transducers as well as receivers. The travel time of the 
P-wave and S-wave are being recorded and their velocities 
are calculated accordingly by dividing the sample length by 
the travel time in seconds (Rao et al. 2006). Both ends of the 
samples were polished and lapped parallel up to ± 0.2 mm in 
order to minimize the error and protect the seal from damage 

(5)KS = �V2
P
−

4
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S
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due to higher stress. Also, the cylindrical sides are made 
straight with an accuracy of ± 0.3 mm over the full length 
of each specimen. High frequency signals of approximately 
1000 kHz and 500 kHz for compressional and shear waves, 
respectively, were used in this ultrasonic equipment, and the 
system was calibrated using aluminum and copper samples 
with known velocities. A schematic diagram of the AVS 
system for dynamic mechanical properties measurements 
is shown in Fig. 1.

The moisture trapped in the sample was removed by plac-
ing it in an electrical oven at 105 °C for more than 24 h; 
however, some part of bound water is still trapped in the 
core. Afterward, the core is cooled at room temperature and 
the density of each sample is calculated using the mass and 
bulk volume.

Origin of studied samples

The Istebna formation belongs to the Silesian Unit, which is 
located in the Polish Outer Carpathians, in the southern part 
of Poland, near to the border between Poland, Czech Repub-
lic, and Slovakia. It is also called as the Silesian Nappe. 
The Moravskoslezske Beskidy Mts, to Beskid Mały Mts in 
Poland, till the Silesian Beskid Mts in the western part of 
the Czech Republic is the extension of this formation and it 
is formed the Western Beskids mountains (Lexa et al. 2000; 
Strzeboński et al. 2017). The Istebna formation is formed 
by the superposition of two members of rock that are the 
Czarna Wisełka member (Lower Istebna Beds) with a thick-
ness of 1500 m at the bottom and the Janoska, Jasnowice, 
and Kamesznica members (composed of Lower Istebna 
shales, upper Istebna sandstones, and upper Istebna shales 
part of Upper Istebna Beds) with a thickness of 400 m on 
the top (Burtanówna et al. 1937; Książkiewicz 1951; Starzec 
et al. 2018). The Istebna sandstone samples used in this 
research has been taken from the Sobolów open pit mine, 
which is part of the Janoska, Jasnowice, and Kamesznica 
members, with thickness from 1300 to 1600 m, (Strzeboński 

Fig. 1  AVS 1000 apparatus
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2005). The micropaleontological data confirmed that the 
formation has been formed that was during the Late Creta-
ceous–Paleocene (Geroch 1960; Szydło et al. 2015) and its 
belt stretches from the vicinity of Wisła and Istebna in the 
Silesian Beskids, through Brzesko, Wadowice, Myślenice, 
Dobczyce, Nowy Sącz, and up to Sanok. A sand-dominated 
unit represents the lithostratigraphic of the Istebna sandstone 
and it is mostly formed with thick-bedded, coarse-grained 
sandstones and granule/fine-pebble conglomerates, and 
intercalated with packets of fine-grained sandstone–shale 
(Strzeboński 2005; Grzebyk 2006; Strzeboński et al. 2017).

The Istebna samples used for the dynamic mechanical 
properties and uniaxial compressive strength measurements 
in this study were acquired from Sobolów open pit not 
weathered rock, cored in a perpendicular direction to bed-
ding planes, which belonged to the upper Istebna sandstones 
of the Janoska, Jasnowice, and Kamesznica members. These 
samples had length of (40 ± 1) mm and diameter of 38 mm. 
These core samples were prepared and had smoothed sur-
faces according to the requirements in order to have a good 
coupling between the transducer and the receiver so that the 
transit time measurement of the arrival time of the waves 
will be more accurate, and the error due to geometry of the 
sample will be minimized (Fig. 2).

Results

All values presented in Figs.  3, 4, 5 and 6 present the 
dynamic poroelastic parameters of Istebna sandstone sam-
ples. The figures in these sections include the mean of 
the dataset with the standard deviation of the measured 
and predicted points. A simple linear regression using the 
least square method has been used to find the correlation 
between velocity waves, Poisson’s ratio, Young’s modulus, 
Biot’s coefficient, and confining pressure. The porosity of 
the Istebna sandstone samples has ranged from 11.32 to 
12.07%, with average value of 11.69%. The linear regression 

parameters related to these poroelastic values are presented 
in Table 1.

The variation of P-wave velocities through Istebna sand-
stone samples under confining pressure and temperature, 
as well as the difference between predicted and measured 
values, is shown in Fig. 3, in which the predicted values 
present the calculated water-saturated values of the studied 
parameter from measurement of dry samples using Wyllie’s 
equation, while the measured values are the measured values 
of saturated samples from experiments.

The primary P-wave is linearly positively correlated with 
confining pressure with a coefficient correlation of R2 = 0.98 
at 20 °C and R2 = 0.97 at 80 °C for predicted values, while 
R2 = 0.99 at 20 °C and R2 = 0.99 at 80 °C for measured val-
ues. The variation of S-wave velocities through dry and 
saturated Istebna sandstone samples under confining pres-
sure and temperature is shown in Fig. 4. The axis range of 
S-wave velocities in Fig. 4 is kept as similar as the axis range 
of P-wave velocities in Fig. 3, just to show that saturation 
does not have much effect on the S-wave velocities through 
the samples.

The S-wave velocity is linearly positively correlated to 
confining pressure with a coefficient correlation of R2 = 0.98 
at 20 °C and R2 = 0.99 at 80 °C for dry, while R2 = 0.99 at 
20 °C and R2 = 0.99 at 80 °C for saturated samples. The 
characteristic of Poisson’s ratio of Istebna sandstone sam-
ples, under confining pressure and temperature, as well as 
the difference between predicted and measured values, is 
presented in Fig. 5.

Poisson’s ratio is linearly negatively correlated to con-
fining pressure with a coefficient correlation of R2 = 0.76 
at 20 °C and R2 = 0.69 at 80 °C for predicted values, while 
R2 = 0.86 at 20 °C and R2 = 0.89 at 80 °C for measured. The 
characteristic of Young’s modulus of Istebna sandstone sam-
ples, under confining pressure and temperature, as well as 
the difference between predicted and measured values, is 
presented in Fig. 6.Fig. 2  Prepared Istebna sandstone samples

Fig. 3  Predicted and measured values of P-wave velocities versus 
confining pressure at 20 and 80 °C
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Young’s modulus is linearly positively correlated with 
confining pressure with a coefficient correlation of R2 = 0.99 
at 20 °C and R2 = 0.99 at 80 °C for predicted values, while 
R2 = 0.98 at 20 °C and R2 = 0.99 at 80 °C for measured val-
ues. The characteristic of Biot’s coefficient of the Istebna 
sandstone samples under confining pressure and tempera-
ture, as well as the difference between predicted and meas-
ured, is presented in Fig. 7.

Biot’s coefficient is linearly correlated to confining 
pressure with a coefficient correlation of R2 = 0.83 at 
20 °C and R2 = 0.86 at 80 °C for predicted values, while 
R2 = 0.92 at 20 °C and R2 = 0.88 at 80 °C for measured 
values. The experimental results of the uniaxial compres-
sive strength of dry and water-saturated Istebna sandstone 

Table 1  The linear regression 
parameters related to poroelastic 
values of Istebna sandstone

Condition Parameter Predicted Measured

a b R2 a b R2

At 20 °C VP [m/s] 13.02 2806.40 0.98 8.85 3913.80 0.99
Poisson’s ratio, ν [−] − 0.0005 0.28 0.76 − 0.0006 0.41 0.86
Young’s modulus, E [Pa] 2.01E + 08 1.61E + 10 0.9920 9.39E + 07 2.09E + 10 0.9860
Biot’s coefficient, α [−] − 0.0019 0.48 0.82 − 0.0052 0.41 0.92

At 80 °C VP [m/s] 10.91 2753.30 0.97 8.64 3844.70 0.99
Poisson’s ratio, ν [−] − 0.0006 0.29 0.69 − 0.0005 0.39 0.89
Young’s modulus, E [Pa] 1.71E + 08 1.51E + 10 0.9975 7.73E + 07 2.11E + 10 0.9904
Biot’s coefficient, α [−] − 0.0017 0.49 0.87 − 0.0042 0.48 0.92

Fig. 4  S-wave velocities of dry and saturated samples versus confin-
ing pressure at 20 and 80 °C

Fig. 5  Predicted and measured Poisson’s ratio of Istebna sandstone 
versus confining pressure at 20 and 80 °C

Fig. 6  Predicted and measured Young’s modulus of Istebna sandstone 
versus confining pressure at 20 and 80 °C

Fig. 7  Predicted and measured Biot’s coefficient versus confining 
pressure of Istebna sandstone at 20 and 80 °C
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samples that has been carried out under the rate of 1 kN/s 
in compressing apparatus are presented in Fig. 8.

Discussion

All discussion and conclusions are valid only for the inves-
tigated rock and in the measurement ranges presented in 
the paper. The P-wave as well as S-wave velocities are pro-
portional to confining pressure (Figs. 3, 4). This happens 
because of micro-fractures closing and pore space decreas-
ing during the increase in confining pressure. The range of 
predicted P-wave velocities varies from 2800 to 3500 m/s, 
while the ones measured in the laboratory vary from 3900 
to 4500 m/s. However, the increase in temperature slightly 
decreases the P-wave velocities in the rock samples. It is 
important to notice that the Wyllie’s equation is only appli-
cable for predicting the P-wave velocities through satu-
rated samples from the P-wave velocities through dry sam-
ples. Thus, the ratio between predicted VP and VS through 
dry samples are used to calculate the Poisson’s ratio and 
Young modulus of Istebna sandstone samples. Besides, the 
increased temperature was slightly decreasing the value of 
S-wave velocity and the saturation did not show any signifi-
cant changes. The S-wave velocity ranges through both dry 
and saturated Istebna sandstone samples are nearly similar 
and vary from 1500 to 2000 m/s.

P-wave as well as S-wave velocities are then affecting 
the rock poroelastic parameters. A good correlation between 
Poisson’s ratio, Young’s modulus, and confining pressure 
has seen and the increasing temperature slightly decreased 
their values (Figs. 5, 6). The range of Poisson’s ratio varies 
from 0.26 to 0.30 for predicted values and from 0.36 to 0.41 
for measured values, while Young’s modulus varies from 
1.60 to 2.60E + 10 Pa for predicted values and from 2.20 to 
2.70E + 10 Pa for measured values. Moreover, Biot’s coef-
ficient is negatively correlated to confining pressure with a 
good correlation coefficient. As the temperature increases 
so does the value of this parameter (Fig. 7). The Biot’s 

coefficient of the studied specimen ranges from 0.16 to 0.42 
at 20 °C and from 0.24 to 0.48 at 80 °C.

Figures 3, 4, 5, 6 and 7 show a clear difference between 
measured values and the values predicted from Wyllie’s 
equation. Such apparent disagreement could be the result 
of the changes of rock mechanical properties due to rock 
matrix interaction with water. To check it, a simple UCS test 
was performed. The unconfined compressive strength has 
been performed with Istebna sandstone, in dry and water-
saturated condition, in order to check the saturation effects 
on rock strength. The ranges of maximum stress the speci-
men can bear under uniaxial confining pressure are shown 
in Fig. 8. The strength of dry samples is almost twice that of 
the strength of water-saturated samples. The maximum stress 
for dry samples ranges from 103.95 to 114.87 MPa with an 
average value of 108.80 MPa, while the maximum stresses 
for water-saturated samples range from 57.84 to 63.14 MPa 
with average value of 60.97 MPa. Such difference clearly 
shows the effect of water saturation on sample strength and 
also confirms the difference observed between predicted and 
measured values in the above parameters, including P-wave 
velocities, Poisson’s ratio, Young’s modulus, and Biot’s 
coefficient. Water influences not only P-wave velocities 
according to Wyllie’s equation but also acts as a weakening 
substance according to UCS measurements. Lines for pre-
dicted and measured Poisson’s ratio (Fig. 5) are parallel so 
water saturation influences in the same degree its value for 
low and high confining pressure. However, Young’s modu-
lus (Fig. 6) for higher confining pressure is quite similar 
for both predicted and measured values. Opposite for Biot’s 
coefficient (Fig. 7), there is higher discrepancy with Wyllie’s 
equation for high confining pressure. Temperature was found 
to have minor impact on poroelastic properties (Figs. 3, 4, 
5, 6 and 7) comparing to confining pressure and weakening 
effect of water saturation in Istebna sandstone. In many pur-
poses for petroleum projects such as drilling mud filtration 
and oil–water contact movement, water saturation is chang-
ing. In Istebna formation with water substitution in the pore 
space, it is better to use measured poroelastic parameters 
instead of predicted from Wyllie’s equation due to weaken-
ing effect in rock matrix.

Conclusions

Based on findings, we can conclude that:

1. The discrepancy of predicted values using Wyllie’s 
equation and measured during experiments is due to 
the weakening effect and therefore shows differences 
in P-wave velocities as well as in the related dynamic 

Fig. 8  Unconfined compressive strength (UCS) for dry and water-sat-
urated Istebna sandstones
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mechanical parameters, confirmed by the UCS for dry 
and water-saturated Istebna sandstone samples.

2. The closing and opening of cracks and micro-fractures 
within specimen while increasing the confining pressure 
affect the values of P-wave velocity and thus dynamic 
parameters of Istebna sandstones.

3. P-wave velocity and Young’s modulus have a positive 
correlation with the increasing confining pressure, while 
the Poisson’s ratio and Biot’s coefficient are decreas-
ing with the increasing confining pressure in the Istebna 
sandstone.

4. Temperature has minor effect on P- and S-wave veloci-
ties, Young’s modulus and Poisson’s ratio values. 
However, measured values of Biot’s coefficient clearly 
increase with increasing temperature.

5. The uniaxial compressive strength of dry Istebna sand-
stone is about 50% stronger than in water-saturated con-
dition.
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