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Abstract: Perhaps the most critical challenge faced during drilling operations is related to the stabi-
lity of the well. Additionally, drilling mud plays a crucial role in wellbore stability, as one of its main 
uses is to support the wellbore wall during the drilling operation. However, ignorance of the effects 
of drilling mud on the mechanical properties of rock formation can also lead to well failure. The 
stability of the wellbore is also influenced by pore pressure during the drilling process. The analysis 
of changes in rock poroelastic parameters after drilling mud saturation was found to be useful re-
garding the abovementioned issues. Therefore, the measurement of the dynamic Young’s modulus, 
Poisson’s ratio and Biot’s coefficient of sandstone samples was carried out to determine their trends 
of variations with confining pressure in different conditions such as dry, water and drilling mud 
filtrate saturation. The findings indicate that both the dynamic Young’s modulus and the Poisson’s 
ratio of the sandstone rock increased after saturation with water and drilling mud filtrate, while the 
Biot’s coefficient was reduced. Furthermore, the velocity of the P wave, the dynamic Young’s modulus 
and the dynamic Poisson’s ratio of the sandstone rock were proportional to the confining pressure, 
while the Biot’s coefficient were inversely proportional to the confining pressure. The results imply 
that effective stress calculation can be influenced by changes in poroelastic parameters established 
from geophysical measurements, and risk management of wellbore stability stability was increased.

Keywords: drilling mud, rock mechanical properties, Biot’s coefficient, acoustic waves, dynamic me-
asurement

Date of submission:  
14.02.2022

Date of acceptance: 
18.02.2022

Date of publication: 
31.03.2022

© 2022 Authors. This is an 
open access publication, which 
can be used, distributed, and 
reproduced in any medium 
according to the Creative 
Commons CC-BY 4.0 License

https://journals.agh.edu.pl/jge

https://doi.org/10.7494/jge.2021.38.4.5
https://orcid.org/0000-0003-1028-2497
https://orcid.org/0000-0002-4872-0109
https://orcid.org/0000-0003-1850-7304


6

Dariusz Knez, Herimitsinjo Rajaoalison, Donatille Nkunzi

1. Introduction

The drilling process is a  very sensitive stage in the 
petroleum industry that influences the efficiency of 
exploration and production with high capital invest-
ments and risks. Better understanding of the forma-
tion that is being drilled is one way to avoid compli-
cations during this process. For example, knowing the 
effect of drilling mud on the geomechanical properties 
of rock formation is helpful in maintaining the stabil-
ity of the well and minimizing complications during 
drilling operation. The disadvantage is that the chem-
ical composition of the drilling fluid should be taken 
into account to avoid the chemomechanical interaction 
with the reservoir. Young’s modulus, Poisson’s ratio, 
and Biot’s coefficient are fundamental parameters that 
effectively influence porous media. The pore pressure in 
the well is a key variable to maintain during the drilling 
process. The maintenance of well stability during drill-
ing operations in oilfields requires knowledge of rock 
deformation and pore pressure behaviour [1]. Based 
on the values of parameters calculated near the well-
bore stresses, controllable factors and proppants can 
be selected properly [2, 3]. The exact estimation of the 
subsurface pore pressure is crucial for successful well 
design and the reduction of operational costs and risks 
during the drilling process [4].

Drilling and production operations take place in 
porous media such as reservoirs saturated with different 
types of fluids including oil, gas, condensate, and water. 
For example, the compressibility of the rock decreases 
the pore pressure when fluid is injected into the rock. 
Permeability also influences the change in pore pres-
sure where the latter increases in the presence of rock 
saturated with an impermeable liquid, while there is no 
occurrence of variation in pore pressure when the rock 
is permeable because the volume of injected water is 
equal to the volume flowing from the rock [5]. There-
fore, the changes in pore pressure and volume of porous 
formation are the results of activities undertaken relat-
ed to hydrocarbon production or even sequestration 
of carbon dioxide. These changes are very important 
because they can lead to formation compaction and 
subsidence expressed on the surface [6–8]. Therefore, 
understanding the Biot’s coefficient that contributes to 
these changes is very important because this parameter 
is required in order to be able to predict the propaga-
tion of the pore pressure through the skeleton material. 
Therefore, the measurement of the Biot’s coefficient is 
an important parameter for determining the poroe-
lastic effect on porous rock, as it remains the essential 
poroelastic characteristic used to determine the effect 
of pore pressure that leads to a change in the effective 
stress of the rock formation and has a significant impact 
on the wellbore stability [9].

Overbalanced and underbalanced pressure are 
the most common cases encountered during drilling, 
especially in horizontal wells. Drilling mud density is 
used as a tool to balance wellbore pressure with forma-
tion pressure to avoid the loss of formation damage and 
wellbore breakouts [10, 11]. Formation damage is a usu-
al circumstance that occurs at any stage of the oilfield 
cycle. It is caused by many factors such as clay swelling, 
the presence of solid hydrocarbons, and mainly  filtrate 
blockage. This problem contributes to the low efficien-
cy of the well. Therefore, the formulation of the drilling 
fluid should comply with the minimization of the inva-
sion of the drilling mud solid, filtrate, and polymers into 
the formation. This is done by taking into account the 
amount of bridging agents and the viscosifier [12].

Therefore, understanding rock formation is a key 
factor in addressing these challenges, and this arti-
cle describes the experimental results of the dynamic 
Young’s modulus, Poisson’s ratio and Biot’s coefficient of 
sandstone rock formation as a  function of hydrostatic 
stress using an acoustic velocity system in dry, water, 
and mud saturation.

2. Methodology 

The studies of mechanical rock properties in this work 
are done dynamically using acoustic waves. The values 
of primary and secondary wave velocity and the density 
of the specimen are used to calculate these mechanical 
rock parameters. It is important to note that the dynam-
ic moduli of the rock are different from the static mod-
uli due to some assumptions before any calculation, 
such as homogeneous, isotropic and perfect elastic of 
the rock being studied, which is not always true in most 
cases [13]. The dynamic moduli of fine-grained and 
igneous rocks, as well as sedimentary rocks are higher 
than static moduli, including Young’s modulus, shear 
modulus, and Poisson’s ratio [14]. Furthermore, King’s 
experimental studies on the anisotropy and nonlinear-
ity of the mechanical behavior of rocks [14] supported 
such a differentiation between dynamic and static mod-
uli due to randomly oriented cracks within the speci-
men. Therefore, the unconformities between the results 
of the measurement of dynamic and static elastic prop-
erties are mainly related to the variation of the litholo-
gy and microcrack distribution of microcracks in rock 
materials [15–17].

The dynamic mechanical properties of the rock 
were calculated using the ratio between the velocities of 
the P and S waves of the elastic wave through rock sam-
ples, using Newton’s second law of motion and Hooke’s 
law [18]. Therefore, the correlation between dynamic 
and static moduli depends on the adaptiveness of the 
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propagation of elastic wave and Hooke’s law, as Newton’s 
second law is always applicable. Multiple studies have 
been conducted on P-wave velocity, as it is very useful 
for various engineering purposes, such as weathering 
depth related to construction and formation saturation 
related to drilling process [19–21]. The sound velocity 
through the rock sample is affected by the rock type, 
density, grain size and shape, anisotropy, porosity, fluid 
content, stress, temperature, and pre-existing microf-
racture within the specimen. Furthermore, the effect of 
water content on the ultrasonic velocities through sand-
stone samples has been investigated by Wyllie et al., and 
they found that the velocity is decreasing as a function 
of saturation [22]. In addition, Kahraman derived some 
empirical relationship between the compressive veloci-
ty of dry and water-saturated rocks [23]. In the present 
work, the effects of different types of saturation fluids 
as well as the increase of confining pressure on the 
velocities of the compressional wave through sandstone 
rock will be investigated, together with the poroelastic 
parameters that relate to them.

An acoustic velocity system (AVS) is an apparatus 
used to measure the dynamic mechanical properties of 
rock samples using acoustic waves [24]. It is made up of 
a panel, core holder, pressure pipes, acoustic transduc-
ers and receivers, switch box, digital oscilloscope, hand 
pump, heating mantle, and a computer for data storage 
and analysis. The plugs were inserted into the corehold-
er in condition that axial is parallel (Fig. 1). A confining 
pressure of 7 to 45 MPa were applied to the system while 
the pore pressure valve was opened, which meant it was 
equal to atmospheric pressure. Thus, the pore pressure 
was constant throughout the measurement process.

Fig. 1. AVS 1000 apparatus [25]

Acoustic wave velocities were measured to obtain 
geomechanical properties such as Young’s modulus, 
Poisson’s ratio. The low frequency transmitter and 
receiver were placed at each edge of the core holder and 
the time flight of P and S waves through the samples 
was recorded in microseconds [26]. Dynamic Young’s 
modulus (E), Poisson’s ratio (ν) and the bulk modulus 

were calculated using wave velocities and the density of 
sample using Equations (1), (2) and (3) [18, 27]:
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where ν is the dynamic Poisson’s ratio [–], E is the 
dynamic Young’s modulus of the rock [Pa], ρ is 
the  rock density (kg/m3), K is the bulk modulus of the 
rock [Pa], VP is the compressional wave velocity [m/s], 
and VS is the shear wave velocity [m/s].

The Biot’s coefficient is calculated using the rela-
tionship between the rock and the bulk modulus. The 
dynamic bulk modulus is calculated from the P and S 
wave velocities obtained under in situ loading condi-
tions. Biot’s coefficient means the decrease of pore fluid 
induced by solid grains compaction. Biot’s coefficient 
can be determined by Equation (4) [6, 7, 28, 29]:

� � �1
K
K

S

O  
(4)

where KS is the bulk modulus of the rock [Pa], and KO is 
the bulk modulus [Pa]. KS can be calculated using Equa-
tion (5), while KO is measured in hydrostatic load where 
the pore pressure must be equal to the confining pres-
sure so that only the solid grains carry the confining 
pressure [24, 27]. Taking into account the homogeneity 
and isotropic nature of the samples studied, we used KO 
= 85 GPa, as it represents the volumetric bulk modulus 
for sandstone minerals [30].

K V VS dry P dry S� �� �2 24
3  

(5)

It is important to note that the value of the dynam-
ic bulk modulus is different from the static bulk mod-
ulus due to the different strain amplitude of the experi-
mental techniques [18, 31, 32].

Experimental studies

The samples studied in this paper are cored from sand-
stone rock from an outcrop. The length and diameter of 
the samples were 40 mm ±1 mm and 38 mm, respec-
tively. The core samples were cut and polished accord-
ing to the requirements to have a  smooth surface, so 
the coupling between the transducer and the receiver 
will be good and the transit time measurement of the 



8

Dariusz Knez, Herimitsinjo Rajaoalison, Donatille Nkunzi

arrival time of the waves will be more accurate, and the 
mechanical error due to the geometry of the sample will 
be minimized (Fig. 2). It is important to have as low 
a measurement error as possible because the uncertain-
ty of the investigated poroelastic parameters influences 
many petroleum projects such as hydraulic fracturing 
[33, 34]. The P-wave velocity is then derived from the 
distance where the wave traveled (the sample length), 
divided by the pulse transit time. The samples obtained 
were kept in an oven at 70°C for at least a day to be dried 
and the weight of each sample was measured.

Fig. 2. Prepared core samples

Later, they were saturated with distilled water to 
calculate the bulk density and porosity. Water and drill-
ing mud were used to saturate the samples in order to 
understand how the poroelastic properties behave with 
different types of fluid used, under incrementation of 
confining pressure. The results found are of 2.63 g/cm3 
and 13% respectively.

In all stages of the life of the well, including drill-
ing, completion, stimulation, flow tests, production, and 
depletion, its stability is very important. During drill-
ing operations, this is mainly concerned with the com-
position of the drilling mud and its density, so that the 
integrity of the wellbore is maintained without losing 
the drilling fluid. Failure occurs easily if one does not 
pay attention to the characteristics of the drilling mud 
and its effects on the formation being drilled [35, 36]. In 
this investigation, the drilling mud filtrate with chemical 
composition in Table 1 was used to saturate the sample to 
investigate its effect on the rock mechanical properties of 
the core samples under confining pressure.

Such research is very important to maximize the 
understanding of formation characteristics such as 
dynamic mechanical properties, which is necessary to 
formulate the mud weight window during drilling, so 
that the reservoir is economically productive and the 
costly problems induced by wellbore instabilities are 
reduced [37].

Table 1. Drilling mud composition

Material Description Quantity 
[%]

CMC viscosifier 1.0
KCl clay stabilizator 1.5
PHPA – 0.3
CaCO3 alkalinity control/ 

mineral bridging agent
10.0

Organic 
bridging agent

– 1.0

3. Results and discussions

Understanding the stability issues during the drilling 
and production process is crucial, especially in case  
difficult geological conditions are encountered such as 
cross faults. The main cause of disasters and difficul-
ties during drilling is related to poor understanding of 
the formation being drilled and the lack of adequate 
chemicals used to formulate the drilling mud. World-
wide, such disasters cost nearly 8 billion USD per year 
[38]. As part of preventive solutions, this study helps 
to understand the behaviour of the dynamic poroe-
lastic parameters of the sandstone under variation of 
the confining pressure after saturation with water and 
drilling mud.

The first result shows the variation of the compres-
sional velocity under the changed conditions. Next, the 
relationship between dynamic poroelastic parameters 
and confining pressure will be discussed, followed by 
an explanation of the possible reasons for the differ-
entiation between the recorded values from water and 
mud-saturated samples. One of utilities of the under-
standing the dynamic mechanical properties of rock is 
its application to seismic response analysis. Dynamic 
shear strength and static strength are slightly differ-
ent for hard rock, such as gneiss, but not necessarily 
the same for soft rock, such as sandstone, because it 
is affected by external and internal conditions, such as 
roughness, hardness, degree of weathering, and grain 
sizes [17, 24]. The compressional velocity through dry, 
water-saturated and mud-saturated sandstone sam-
ples, under increased confining pressure, is presented 
in Figure 3. 

The increase in confining pressure results in lin-
ear increase of P-wave velocity, which is supported by 
the coefficient correlation of 0.94 for dry samples, while 
0.86 and 0.99 for water and mud saturated samples, 
respectively. In addition, fluid saturation does affect the 
speed of the compression wave. It increases to 20% for 
water saturation and about 30% for drilling mud satu-
ration (Fig. 3). It also shows the effects of saturation as 
well as the type of fluid on the velocity propagation of 
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compressional waves through porous media. The effect 
of the saturation of the water and mud filtrate on the 

dynamic mechanical properties of the sandstone sam-
ples at room temperature is shown in Figure 4. 

Fig. 3. Compressional velocity of dry, water-saturated and drilling mud saturated sandstone versus confining pressure

a) 

b) 

Fig. 4. Variation of Young’s modulus (a) and Poisson’s ratio (b), for dry, water saturated,  
and mud saturated sandstone versus confining pressure
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The increase in the dynamic Young’s modulus 
occurred after the sample was saturated with water. 
The results show that the sandstone core samples 
exhibit a slight increase in the Young’s modulus behav-
iour up to 4%, 6.50% (Fig. 4a) and Poisson’s ratio up 
to 5%, 6.10% (Fig. 4b) after being saturated with water 
and drilling mud filtrate, respectively. The increase 
is associated with the high viscosity of the drilling 
mud, which significantly increases the velocities of 
the P  and S waves, which in turn increases both the 
Young’s modulus and Poisson’s ratio [39]. This con-
tradicts what other studies have reported, namely that 
the drilling fluid weakens the rock due to the invasion 
of the loss of fluid with starch contained in the drilling 
mud [40] and the long exposure (24 hours) of sam-
ples with polymers that make up the drilling fluid, and 
this destroys the stiffness of the rock [41]. It is worth 
mentioning that the increase in the dynamic Young’s 
modulus in this research does not mean an increase 
in the static Young’s modulus value. Thus changes in 
the dynamic poroelastic parameters due to satura-
tion could be different for static measurements. The 
Poisson’s ratio increased slightly subsequently with 
the saturation of water and water-based drilling mud. 
Furthermore, the positive correlation between the 
Poisson’s ratio, the Young’s modulus, and confining 
pressure is supported by the significant correlation 
coefficient presented in Figure 4. In Figure  5, water 
saturation significantly decreased the dynamic Biot’s 
coefficient of core samples by 23%. 

Furthermore, the drilling of the mud filtrate has 
presented an important depletion of the Biot’s coeffi-
cient of up to 35.40%. The negative linear correlation 
between Biot’s coefficient and confining pressure is sup-
ported by the good correlation coefficient of 0.99 for 
dry samples, while 0.99 and 0.96 for saturated water and 
mud samples, respectively.

4. Conclusions
The effects of water and mud saturation on the poroe-
lastic parameters of sandstone rock under increased 
confining pressure were carried out using acoustic 
waves. Laboratory results have shown the following:

1. The dynamic elastic modulus tends to increase when 
the rock is filled with fluids such as drilling mud and 
water due to the viscosity coupling phenomenon 
because the saturating drilling mud has high viscosi-
ty, which leads to an increase in wave velocities.

2. Samples filled with drilling mud slightly increase 
their dynamic Poisson’s ratio and the Young’s 
modulus when hydrostatic stress increases due to 
closure of microfractures within the sample and 
decreasing porosity.

3. When stress increases, there is a clear tendency to 
reduce the dynamic Biot’s coefficient of cores satu-
rated with water and drilling mud filtrate.

4. The Young’s modulus and Biot’s coefficient plots 
show convergence behaviour when hydrostatic 
stress increases.

5. An increase in the dynamic elastic modulus due 
to water and drilling mud saturation does not 
necessarily mean an increase in the static elastic 
modulus.
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