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I 

 

Abstract 

This PhD research investigated the effects of dynamic poro-elastic parameters on wellbore 

stability in Tumlin sandstone formation located north of Kielce, Poland. To conduct the 

research, firstly, laboratory tests were executed to measure the rock’s physical, mechanical, 

and dynamic poro-elastic parameters. The rock’s dynamic poro-elastic parameters including 

bulk modulus, Biot's coefficient, Biot's modulus, Skempton’s coefficient, shear modulus, 

Young's modulus, Poisson's ratio, and unconstrained specific storage coefficient were 

measured using an acoustic velocity measurement apparatus. Those poro-elastic parameters 

were measured as functions of hydrostatic stress applied on the sandstone samples.  

Then, numerical simulations were executed via FLAC3D software. In the numerical models, 

two scenarios were simulated to conduct coupled rock-fluid wellbore stability analysis. The 

first scenario was the start of drilling where the rock quickly reacts to the drilling operation, 

and the pore pressure suddenly increases in the rock. This condition corresponds to 

undrained loading conditions. The second scenario occurs shortly after the first scenario, 

when the loading condition shifts from undrained to drained conditions.  

The results showed that as Tumlin sandstone transitions to undrained conditions, Poisson's 

ratio increases, indicating reduced compressibility and higher lateral strain, which can cause 

wellbore instability. Moreover, a decrease in Young's modulus and shear modulus under 

undrained conditions further suggests reduced stiffness and increased deformation, leading 

to critical risk of wellbore failure.  

Furthermore,  it was found that as the hydrostatic level is below the half of the rock’s uniaxial 

compressive strength (UCS), the differences in dynamic poro-elastic parameters between 

drained and undrained conditions increase progressively, making rock behavior more 

predictable. Above this threshold, Biot's coefficient stabilizes, and Biot modulus increases, 

indicating that Tumlin sandstone becomes stiffer and less sensitive to pore pressure changes.  

It was also revealed that at any drilling depth, the safety factor is higher under undrained 

conditions compared to drained conditions. Moreover, the disparity in safety factors between 

drained and undrained conditions is directly related to the depth. Specifically, this difference 

gets more noticeable when the drilling depth exceeds 1400 m. At depths shallower than 1400 

m, safety factors for both undrained and drained conditions remain above 1, indicating a 

stable wellbore. However, at depths below 1400 m, the safety factor under undrained 

conditions falls below 1, suggesting an increased risk of wellbore failure. 

Overall, the findings emphasize the importance of managing drilling pressures and mud 

properties carefully to mitigate risks associated with undrained conditions and varying 

hydrostatic stress levels. Implementing controlled drilling rates and pressures is crucial for 

maintaining wellbore stability, especially in deeper depths in Tumlin sandstone formation. 
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Wellbore stability is a common concern in the drilling of hydrocarbon wellbores, water 

wells, exploratory boreholes, geothermal boreholes, etc. The underground rocks contain 

miscellaneous pore liquids like water, brine, oil, etc., in their void spaces. Hence, it can 

be said that porous rocks are systems combined from dry rock matrix (skeleton) and pore 

fluids. Figure 1 shows a porous sandstone rock containing water as pore fluid.  

 

Figure 1. A porous sandstone rock as a system of solid matrix and water. 

In nature, rocks are imposed to different loadings derived from the overburden 

weight, tectonics forces, seismic shocks, etc. The mechanical behavior of porous rocks 

under those loading conditions relies on both solid matrix and pore fluid. Hence, it can 

be expressed that porous rocks have a hydro-mechanical behavior when they are 

subjected to external pressures [1].  

The influence of pore fluid pressure on the rocks’ mechanical response was initially 

formulated by Terzaghi who developed the effective stress law [2]. Terzaghi’s effective 

stress law had been established for water-containing soils. This law helped civil engineers 

to explain and formulate many geotechnics problems such as foundation settlement, 

deformation of soil embankments, instability of soil slopes, etc. However, regarding the 

rocks, the law was incapable of explaining some engineering phenomena [3]. 

The early incapability of the effective stress law was discovered within the 

hydrogeology scope. In 1892, King stated that water table in a well close to a rail station 

in Whitewater, Wisconsin, USA, fluctuated with the trains passage through the area [4]. 

As the train approached the station, the water table rose. Conversely, when the train 

departed from the station, the water table in the well decreased. Moreover, in a report by 

the United States Geological Surveys in 1902, a coincidence between the ocean tide and 

water table fluctuations in the wells was observed in Atlantic city, New Jersey, USA. At 

high tide condition, when the sea’s weight increased, the water level within the coastal 

water wells rose, and vice versa [5]. 
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Except hydrogeology, the coupled rock-fluid problems also arose in petroleum 

engineering. For instance, minor and major seismic problems were reported in many 

global oil fields. In Galveston, Texas, USA, oil production caused a remarkable land 

subsidence that led to the submergence of the near-coast lands [3]. The state claimed that 

the submerged lands possessed to it while the landowners filed a complaint against the 

state’s claim. Finally, in 1926, a geologic investigation corroborated that the submergence 

had been the outcome of the oil production activities in the region. 

The interaction between rocks and pore fluids was characterized by the poroelasticity 

theory. The basics of this theory were developed by Biot in 1941 [6]. The two 

abovementioned problems in hydrogeology scope were successfully explained by this 

theory. The poroelasticity theory couples the pore pressure and applied stresses to the 

rock deformation and fluid exchange, thereby delivering realistic results. Through this 

coupling, if pore pressure changes, it causes mechanical strain in the rock’s matrix, and 

reversely, such a change in mechanical strain disturbs the pore pressure within the voids. 

The primary aim of the current PhD research is to discover the impact of rock’s poro-

elastic parameters on wellbore instability potential in the study area. In other words, it 

aims to reveal how the stability of a wellbore drilled in Tumlin sandstone is influenced 

by poro-elastic parameters. Using both experimental tests and numerical simulations, the 

influence of dynamic poro-elastic parameters including Skempton’s coefficient, Biot’s 

coefficient, bulk modulus, Young’s modulus, Biot modulus, shear modulus, Poisson’s 

ratio, and unconstrained specific storage coefficient on wellbore stability was 

investigated. 

The second target of this research is to establish empirical correlations between the 

rock’s dynamic poro-elastic parameters and hydrostatic stress. The extracted correlations 

will contribute to better understanding the interaction between the dynamic poro-elastic 

parameters and the failure potential of the drilled wellbore. Moreover, those empirical 

correlations can be utilized in numerical modelling or analytical solutions of stability of 

wellbores drilled in other geologically same sandstones. 

After conducting the research, it was proved that dynamic poro-elastic parameters of 

Tumlin sandstone play a significant role in wellbore stability. Particularly, it was 

demonstrated that those dynamic poro-elastaic parameters are highly determining at the 

early stages of drilling when the rock is under undrained condition. During this 

condition, the bulk modulus and shear modulus of the rock around the wellbore decline 

while Poisson’s ratio increases. Such a reduction in Young’s modulus and shear modulus 

proves that the stiffness and shear strength of the rock decline. Moreover, the increase in 
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Poisson’s ratio demonstrates that the rock is more likely to undergo severe lateral strains. 

Consequently, the wellbore failure may occur.   

Additionally, it was confirmed that at any given drilling depth, the safety factor for 

wellbore stability in undrained conditions is lower than drained conditions. The 

difference in safety factors between undrained and drained conditions directly relies on 

the drilling depth. Specifically, when the drilling depth exceeds 1400 m, this difference 

becomes more severe. 

The research also proved that dynamic poro-elastic parameters of Tumlin sandstone 

are dependent on applied hydrostatic stress. Dynamic poro-elastic parameters including 

Skempton’s coefficient, Biot’s coefficient, and unconstrained specific storage coefficient 

demonstrate a decreasing trend with increasing hydrostatic stress. Nevertheless, while 

the Skempton’s coefficient decreases linearly, the Biot’s coefficient and the unconstrained 

specific storage coefficient follow a logarithmic decline. Other dynamic poro-elastic 

parameters including Young’s modulus, bulk modulus, shear modulus, Poisson’s ratio, 

and Biot modulus escalate with hydrostatic stress. These findings proved that a hydro-

mechanical wellbore stability analysis is more reliable if the poro-elastic parameters are 

imported as stress-dependent functions to the numerical models. If a consistent value is 

chosen for a poro-elastic value for the entire vertical profile of the formation, the accuracy 

of the numerical results will be affected.  

In the past, there were only some partial studies on the effect of one or two certain 

poro-elastic parameters on the rocks’ mechanical response in geomechanics applications. 

Nevertheless, no comprehensive investigation was dedicated to examining the effects of 

a complete set of poro-elastc parameters on wellbore stability. This research strives to 

address this research gap, delivering new findings applicable in WSA.   

This research attempts to achieve new findings and empirical correlations useful for 

WSA applications. Wellbore instability is a crucial concern in all above-mentioned 

anthropogenic initiatives. In better words, water extraction or oil production are 

inevitably implemented through drilling of wells. Similarly, to sequestrate the 

supercritical CO2, there is need to drill injection boreholes through which the liquefied 

CO2 is injected to the subsurface formations. In the same way, to store pressurized liquid 

gases such as natural gas or natural hydrogen, drilling the injection boreholes is required. 

In all these initiatives, the stability of the drilled wellbores is affected by the rocks’ poro-

elastic characteristics. Hence, the findings of this dissertation are applicable in wellbore 

stability analysis of those engineering projects. 
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In this research, the effect of rock’s dynamic poro-elastic parameters on wellbore 

stability was assessed. The study area from which the rock specimens were taken was the 

Tumlin sandstone formation located in the north part of Kielce city in Poland. The Tumlin 

sandstone formation has undergone geological investigations since 1920 [7,8]. From the 

geological perspective, this formation is situated on the border of the Paleozoic Holly 

cross mountains and the lower Triassic (Buntsandstein) sediments [8].  

Up to now, there have been several mines exploiting Tumlin sandstone for 

construction purposes. The geological data related to Tumlin sandstone formation was 

mainly obtained through those mines. The dip of the Tumlin sandstone layer is nearly 

about 10°; however, it can vary as ±2° in different spots of the layer [8]. The length 

(extension) of the sandstone layer exceeds several ten kilometers [8]. 

The compositional structure of Tumlin sandstone rock consists of 79-88% polycrystal 

Quartz. Moreover, Micas and Feldspars constitute about 0.3% of the composition. 

Furthermore, a very minor percentage of iron oxides are present in the rock matrix. For 

instance, Hematite consists of 1.07% of the composition. In addition, carbonate minerals 

such as CaO and MgO encompass small fractions around 0.05% and 0.22%, respectively.  

Pawlica studied the presence of heavy minerals in Tumlin sandstone formation [7]. It was 

reported that the rock contains very low amounts of heavy minerals [8]. 

In the past, the grain size distribution of Tumlin sandstone had been also measured 

using photographs of a dozen thin sections of rock samples. Nearly 200 grains were 

analyzed. It was found that the Tumlin sandstone is medium- or fine-grained, moderately 

well sorted. The grains were chiefly less than 2 mm in diameter [8].  

During this PhD research program, rock samples taken from Tumlin sandstone 

formation were analyzed in the laboratory of Faculty of Drilling, Oil, and Gas at AGH 

university of Kraków. The rock’s average porosity and density were respectively 

measured as 15.70%, and 2530 kg/m³. Furthermore, the physical, mechanical, and 

dynamic poro-elastic characteristics of rock samples were measured using a triaxial 

compression test machine, and an acoustic wave propagation apparatus (AVS).  

Previous studies in literature analyzed the wellbore instability problems mainly 

through elastic and poro-elastic solutions. The elastic solutions may not deliver reliable 

results since they do not consider the pivotal coupling between pore fluid, mud, and rock 

matrix. Some examples of those elastic solutions are Kirsch [9], Hubbert and Willis [10], 

Fairhurst [11], and Bradley [12]. Moreover, several researchers tried to perform WAS 

using rock-fluid coupling analysis [13-19]. However, their works had some drawbacks. 
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The main drawback was that the rock’s poro-elastic parameters were assumed constant 

[20]. 

In the current PhD research, the dynamic poro-elastic parameters of Tumlin sandstone 

were measured by an AVS apparatus. As those poro-elastic parameters are dynamic, the 

term "dynamic" will be implied throughout the dissertation and often omitted to prevent 

repetition. Moreover, all dynamic poro-elastic parameters were measured as functions of 

hydrostatic stress. Those dynamic poro-elastic parameters included Skempton’s 

coefficient, bulk modulus, Biot's coefficient, Biot's modulus, shear modulus, Young's 

modulus, Poisson's ratio, and unconstrained specific storage coefficient. 

Afterwards, numerical simulations were executed via FLAC3D, and the measured 

sandstone properties were imported to the models. Then, a wellbore was drilled within 

the numerical model, and the influence of dynamic poro-elastic parameters on wellbore 

stability was evaluated. The maximum radial displacements at wellbore wall together 

with a defined safety factor were utilized to quantify the wellbore failure potential.  

In numerical simulations, the wellbore stability was analyzed through two scenarios: 

1) at the early beginning of the drilling operation when the loading condition is 

undrained, and 2) shortly after the drilling initiation when the loading condition 

transitions from undrained to drained. Considering this point, the current research 

provides a novel wellbore stability analysis in which the impacts of both undrained and 

drained conditions have been included.  

Based on the conducted research, the following new achievements were obtained 

regarding the influence of dynamic poro-elastic parameters on wellbore stability in 

Tumlin sandstone formation: 

1. Several empirical correlations were established between dynamic poro-elastic 

parameters of Tumlin sandstone formation and hydrostatic stress. The 

corresponding correlations are presented in Eqs. (6.2-6.13). 

2. A failure mathematical relationship was experimentally extracted for Tumlin 

sandstone. The relevant relationship is presented in Eq. (6.1). 

3. Safety factor values of wellbore failure were obtained for both undrained and 

drained loading conditions using the data assumed in the dissertation. 

4. The potential of wellbore wall failure at the early stages of the drilling was 

quantitatively compared with the later stages of the drilling operation. 
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1.1. Fluid-rock interaction 

Assume a fluid, e.g. water or oil, within a deep porous rock. Such a porous rock may 

represent an aquifer or reservoir, respectively. How can an anthropogenic activity change 

the fluid pore pressure in the rock?  

Of course, there are several engineering techniques that may come to somebody’s 

mind. When the pore fluid is oil, a potential solution is to inject a pressurized liquid into 

the reservoir; this is the mechanism widely utilized in Enhanced Oil Recovery (EOR) 

techniques. As an example, in USA, the injection of CO2, natural gas, and Nitrogen into 

the depleted oil reservoirs improves oil production roughly from 30% to 60%. When the 

trapped oil is subjected to the injected liquid, the pressure gradient pushes the oil towards 

the production wellbores [21]. During this process, the pore pressure increases within the 

porous rock.  

Now, consider the second scenario in which a tower is built on a loose sand layer with 

a near-surface water table. The construction of the tower started in 1173 AM; however, as 

the construction of upper floors proceeded, the tower leant more and more. In other 

words, as the weight of the tower increased, the sand layer underwent a non-uniform 

vertical subsidence. Although the construction process finished in 1350 AM, the tower’s 

foundation experienced a large subsidence. This is the story of Leaning Tower of Pisa in 

the city of Pisa, Italy. In this case, the tower weight led to water drainage from the sand 

layer, thereby causing foundation subsidence [3].  

The above examples were two typical illustrations of fluid-rock interaction. In the first 

case, the injection-induced pressure pushes the oil within the reservoir, and then, the oil 

transmits this induced pressure to the rock matrix (skeleton). In the second case, the 

weight force of the tower acted on the porous sand layer, and then, that force was 

transmitted to the pore water. Consequently, the water was gradually drained, and 

subsequent ground subsidence occurred. From the above examples, it is simply turned 

out that fluid injection (or fluid drainage) together with the mechanical loading (or 

unloading) can induce new stresses within the whole “fluid-rock” medium. 

Consequently, it affects the in-situ pore fluid volume, or the rock layer’s thickness.  

This fluid-rock interaction can be explained through the poroelasticity theory 

introduced by Maurice Anthony Biot in 1941 [6]. Biot developed his works as a theoretical 

extension for three-dimensional (3D) calculation of the foundation subsidence occurred 

in water-saturated, loose soils.  Although the early fundamental equations of fluid-rock 

interaction were established by Biot, the "poroelasticity" word was initially utilized by 
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Geertsma in 1966 [22]. He had referred to the Biot’s equations as the poroelasticity theory 

in the footprint of his paper entitled “Problems of rock mechanics in petroleum production 

engineering” [22]. Furthermore, he had remarked that the mathematical method for 

extraction of Biot’s poroelasticity equations is identical to the procedure applied in 

thermoelasticity theory.  

 

1.2. Contributing parameters on wellbore stability 

Wellbore instability is a problematic issue observed in many petroleum, mining and 

civil engineering projects. It imposes financial costs estimated to reach up to several 

billion dollars per year in the world [23-25]. Furthermore, it is a time-dependent 

phenomenon. In fact, from the drilling initiation time to the production phase, the impact 

of contributing parameters on wellbore failure may reduce or increase with time. The 

most influential parameters on wellbore stability are rock type, in-situ stress regime, mud 

pressure, chemical reactivity of the rock (mainly for shale formations), and pore fluid 

characteristics [23]. 

Rock type refers to the elemental composition, physical properties and mechanical 

features of hosting rocks in where the drilling operation is conducted. Properties such as 

density, porosity, elastic moduli, shear strength, Poisson’s ratio, UCS, etc. are directly 

influential in the rock response to the different loading conditions [26,27]. 

In-situ stress regime is also a key factor in wellbore stability [28-31]. Adequate field 

tests must be conducted to measure and characterize the in-situ stress regime. The results 

of those tests will help the well designer to devise the wellbore trajectory with higher 

values of safety factor [32,33]. 

Mud pressure is also a highly influential parameter in wellbore stability. It stabilizes 

the wellbore wall while curtailing the pore fluid to enter the inner space of the wellbore. 

Mud type can be water-based or oil-based. In general, the type of the mud, mud pressure, 

and its rheological features have a great impact on the wellbore mechanical stability [24]. 

Chemical reactivity of hosting rocks is another important factor in wellbore stability. 

Some rocks, especially shale, exhibit a high tendency to react with the drilling mud. Such 

a high chemical reactivity expedites the rock degradation and failure at wellbore wall. 

Hence, the chemical reaction between shale and mud can eventually lead to enlargement 

of the wellbore diameter and wall instability [25]. 
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Last but not least, pore pressure is a highly impactful parameter influencing wellbore 

stability. The poro-elastic parameters of subsurface formations are directly influenced by 

the magnitude of pore pressure [34]. Pore pressure leads to a decrease in the normal 

stresses while it does not have impact on shear stresses applied to the rock. The pore 

pressure impact on wellbore stability can be elucidated through the poroelasticity theory 

which will be described in Chapter 2. 

 

1.3. Types of wellbore instability 

In nature, rocks are under compression loading condition [12]. The mechanical 

equilibrium of subsurface rocks occurred during the redistribution of local stresses in the 

past geological eras. When a drill-bit penetrates the rock, the rock cuttings are removed 

and transmitted to the ground surface. The new vacant space leads to subsequent stress 

redistribution around the well [24]. Consequently, a damaged zone may be formed 

around the wellbore. The damaged zone undergoes induced deformations derived from 

the redistribution of new stresses. Such a stress redistribution process proceeds with time. 

Whenever the redistributed stresses in the damaged zone exceed the rocks’ strength, 

wellbore instability issues may occur. This can cause many subsequent problems such as 

delays in the drilling process or the entire loss of the wellbore.   

Wellbore instability issues occur due to either the mechanical stresses or physico-

chemical interactions between the drilling mud and hosting rocks [25]. Bradley 

categorized the wellbore instability issues into two primary groups: tensile, and 

compressive failure [12]. Tensile failure is in the form of rock fracturing, leading to 

potential lost circulation issues. In contrast, compressive failure is in the form of wellbore 

diameter enlargement or reduction. Bradley also expressed that a petroleum engineer 

must have access to adequate geomechanical data for WSA [12]. The required data 

include the on-site stress regime, the drilling-induced stresses, mud pressure, rock 

strength characteristics, and mud impact on rock’s strength. However, he did not 

consider the impact of pore fluid pressure change on the drilling-induced deformations 

around wellbore. 

Regarding the in-situ stress, underground formations are subjected to either normal 

stress regimes or tectonically stress regimes. A normally stressed regime refers to the 

situation in which the overburden weight (vertical stress) is the greatest in-situ stress, 

while the least and maximum horizontal in-situ stresses are approximately equal. In 

contrast, tectonically stress regimes refer to situations which are not normally stressed 
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once. Those regimes mainly deal with volcanic activities, fault movements, creeping salt 

domes, etc. [12]. 

Aadnøy and Chenevert expressed that the deeper the wellbore (the more intense stress 

regimes), the more potential for borehole instability [40]. Bradley stated that the pore 

pressure gradient for normally stressed regimes is almost consistent and equal to 10400 

Pa/m. On the contrary, virgin pore pressure in tectonically stress regimes is 

approximately 20400 Pa/m [12]. 
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2.1. Biot's Theory 

Terzaghi had established his theory by performing one-dimensional (1D) laboratory 

tests [2,35]. Later, in 1941, Biot developed his comprehensive 3D theory when he was 

serving as a lecturer at Columbia University in the US. He published his work in a paper 

entitled "General theory of three-dimensional consolidation" [6]. He formulated the 

constitutive equations which are now considered as the building blocks of the 

poroelasticity theory. After that, Biot developed his works to formulate acoustic wave 

propagation in porous media such as rocks, soils, etc. [36-38].  

Biot included a new parameter to quantify the volume of water which flows into or 

released from a soil sample under loading condition. That parameter was named as “the 

increment of water volume per unit volume of soil” [6]. The parameter was referred as 𝜻; 

however, in the field of hydrogeology, no distinct symbol has been utilized for it. This 

parameter was explained by Biot through the example of application of a slender tube 

used for withdrawing water from a soil specimen to explain the production mechanism 

in a water well. 

After the 1950s, many researchers used Biot’s constitutive equations to extract 

analytical solutions capable of explaining different engineering issues, e.g. 1D soil 

consolidation, ground subsidence, hydraulic fracturing, and aquifer compaction. Biot’s 

linear constitutive equations were reformulated by Rice and Cleary in 1976 [39]. That 

reformulation found extensive utilization in addressing geomechanical issues. To 

describe the instant and lasting responses of porous rocks to applied stresses, they 

measured the poro-elastic properties in undrained and drained conditions, respectively. 

When a material is subjected to external or internal stresses, the material undergoes 

strains (or deformations). In the theory of elasticity, there is need to at least two elastic 

parameters, like Bulk modulus and shear modulus, to formulate the deformations 

induced by the applied stresses. On the contrary, in poroelasticity theory, at least four 

poro-elastic parameters are required to establish those formulations [3].  
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2.2. Poroelasticity constitutive equations 

There are two main poroelasticity constitutive equations which link the stresses 

applied on a porous rock to the resulting strains [3]. In what follows, those equations are 

elaborated through a simple example. 

Assume a homogeneous porous rock which is exposed to an isotropic stress equal to 

σ (Figure 2.1). The pressure of pore fluid within the rock is p. Furthermore, the rock’s 

initial bulk volume is V. Due to the applied stress, a volumetric strain, ϵ, occurs in the 

rock. Consequently, a percentage of the containing fluid exits from the rock.  Thus, the 

fluid content in the rock changes; the fluid content increment is referred to by 𝜻. 

 

Figure 2.1. A homogenous porous rock under isotropic stress of σ.  

The following assumptions are considered for sign convention: the applied stress, σ, is 

positive for compression state; on the contrary, the applied stress is negative for tension 

state. The value of p is positive if it is greater than atmospheric pressure (roughly 0.1 

MPa), and vice versa. Furthermore, the volumetric strain, 𝜖, is positive for expansion state 

while it is negative for compression state. The parameter of 𝜻 is positive if fluid is added 

to the rock. On the other hand, it is negative if fluid is released from the rock.  

Two main linear constitutive equations relate the dependent parameters of ϵ and 𝜻 to 

the independent variables of σ and p, as shown below [3]:  
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𝜖 = 𝑎11𝜎 + 𝑎12𝑝                                                          (2.1) 

𝜁 = 𝑎21𝜎 + 𝑎22𝑝                                                          (2.2) 

where 𝜖 is dimensionless volumetric strain; 𝜁 indicates the dimensionless fluid content 

increment. Furthermore, 𝑎11, 𝑎12, 𝑎21, and 𝑎22 are coefficients. These coefficients are 

obtained by dividing the variation of a dependent parameter to the variation of an 

independent parameter while other independent parameters are kept unchanged. The 

following relations define those coefficients [3]: 

𝑎11 =
𝛿𝜖

𝛿𝜎
|

    
 
 

∆𝑝 = 0

≡
1

𝐾
                                                         (2.3) 

𝑎12 =
𝛿𝜖

𝛿𝑝
|

    
 
 

∆𝜎 = 0

≡
1

𝐻
                                                         (2.4) 

𝑎21 =
𝛿𝜁

𝛿𝜎
|

    
 
 

∆𝑝 = 0

≡
1

𝐻
                                                        (2.5) 

𝑎22 =
𝛿𝜁

𝛿𝑝
|

    
 
 

∆𝜎 = 0

≡
1

𝑅´
                                                         (2.6) 

 

where 𝛿 indicates the Kronecker delta. Furthermore, 
1

𝐾
 represents the drained 

compressibility of rock. Note that the drained compressibility is reciprocal of the rock’s 

bulk modulus. Moreover, 
1

𝐻
 shows the poro-elastic expansion coefficient of rock, and 

1

𝑅´
 

represents the unconstrained specific storage coefficient of rock. The conservation of 

energy necessitates that 𝑎12 is equivalent to 𝑎21 [3]. Furthermore, the subscriptions of 

∆𝑝 = 0 and ∆𝜎 = 0 indicate the loading conditions in which pore pressure and applied 

stress remain constant, respectively. The conditions of ∆𝑝 = 0 is equivalent to the drained 

condition.  

The parameter of 
1

𝐾
 is measured by dividing the change in the rock volumetric strain 

to the change in the applied stress under drained condition. The parameter of 
1

𝐻
 is 

measured by dividing the change in 𝜖 to the change in 𝑝 when ∆𝜎 = 0. This parameter is 
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not encountered in elasticity theory. Analogous to heat-induced expansion in 

thermoelasticity theory, the parameter of 
1

𝐻
 is referred to the poro-elastic expansion 

coefficient. Additionally, the coefficient of 
1

𝑅´
 is measured by dividing the variation of  𝜁 

to the variation of 𝑝 when ∆𝜎 = 0. 

The four abovementioned coefficients constitute the symmetric poro-elastic 

transformation matrix as follows [3]: 

(

1

𝐾

1

𝐻
1

𝐻

1

𝑅´

)                                                                (2.7) 

In this matrix, the diagonal components include 
1

𝐾
 and 

1

𝑅´
. In addition, the off-diagonal 

component is 
1

𝐻
. Substituting Eqs. (2.3-2.6) in Eqs. (2.1 and 2.2) gives [3]: 

𝜖 =
𝛿𝑉

𝑉
=

1

𝐾
𝜎 +

1

𝐻
𝑝                                                        (2.8) 

𝜁 =
1

𝐻
𝜎 +

1

𝑅´
𝑝                                                             (2.9) 

Eqs. (2.8 and 2.9) are two main proroelasticity constitutive equations which relate the 

rock volumetric strain and fluid content increment to the pore pressure, applied stress, 

and poro-elastic parameters. In the subsequent sections, the formulas required to 

calculate poro-elastic parameters of rocks are described. For each parameter, the basic 

definition together with the pertinent mathematical formulations are provided.  

 

2.3. Poro-elastic fundamental parameters 

2.3.1. Bulk modulus 

For any substance, bulk modulus shows the resistance of that substance against 

volumetric deformation [41]. Regarding rocks, bulk modulus is an indicator for rock 

resilience to compression. This parameter is commonly shown as K. However, it has 

different types depending on the loading conditions and fluid saturation. The value of K 

relies chiefly on the mineral composition, porosity, pore size distribution, and pore fluid 

type. 

In poroelasticity, there is need to measure different types of bulk moduli. Those bulk 

moduli are: 
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• Undrained bulk modulus:  

This parameter exhibits the rock resistance to compression under undrained 

conditions. Undrained condition is equivalent to 𝜻=0. In other words, the parameter of 𝜻 

is zero during the undrained condition. The undrained bulk modulus is formulated as 

[42]:   

𝐾𝑢 = −𝑉
𝛿𝜎

𝛿𝑉
|

    
 
 

𝜁 = 0

                                                       (2.10) 

In above equation, the rock’s initial volume is shown as 𝑉. 

 

• Drained bulk modulus:  

This parameter represents the rock resistance to compression under drained condition. 

Drained condition is equivalent to ∆𝑝 = 0. The drained bulk modulus is formulated as 

[42]:   

𝐾 = −𝑉
𝛿𝜎

𝛿𝑉
|

    
 
 

∆𝑝 = 0

                                                        (2.11) 

• Dry bulk modulus:  

This parameter shows the dry rock resistance to compression under dry conditions. To 

dry the rock sample, it is commonly kept in oven for several hours depending on the 

internal temperature of the oven. Once the pore fluid is entirely evaporated, the dry 

sample is ready for test conduction. The following formula represents the dry bulk 

modulus, 𝐾𝑑𝑟𝑦  [42]:   

𝐾𝑑𝑟𝑦 = −𝑉
𝛿𝜎

𝛿𝑉
|

    
 
 

𝑚𝑓 = 0

                                                     (2.12) 

where 𝑚𝑓 is the fluid mass in the rock. The subscript 𝑚𝑓 = 0 indicates that there must not 

be any fluid in the rock sample. 
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• Mineral bulk modulus:  

This parameter shows the rock minerals’ resistance to compression under constant 

temperature. In fact, Ks reflects the strength of rock matrix against the applied stresses. 

The following relation represents the mineral bulk modulus, 𝐾𝑠 [42]:   

𝐾𝑠 = −𝑉𝑚(
𝛿𝜎

𝛿𝑉𝑚
)𝑇                                                           (2.13) 

where 𝑉𝑚 is the initial volume of mineral, and 𝛿𝑉𝑚 shows the variation in the mineral 

volume. Furthermore, 𝛿𝜎 indicates the alteration in the external stress. Subscript T 

indicates that the test is conducted at a consistent temperature. 

 

2.3.2. Skempton’s coefficient 

When a rock undergoes confining stress, the internal pore pressure increases within 

the pores. In poroelasticity theory, this phenomenon is formulated through the term of 

Skempton’s coefficient. In laboratory setting, Skempton’s coefficient is measured by 

increasing the confining stress incrementally. At each increment, the values of confining 

stress versus the pore pressure are recorded. The experiment must be conducted under 

undrained conditions. The following formula defines the Skempton’s coefficient, 𝐵 [21]:   

𝐵 =
𝛿𝑝

𝛿𝜎
|

 
𝜁 = 0                                                          (2.14) 

where B indicates the dimensionless Skempton’s coefficient.  This parameter typically 

falls within the range of 0.5 to 1 for fluid-saturated rocks. 

Skempton’s coefficient is also stated based on the rock’s bulk moduli [3]: 

𝐵 =
1−𝐾/𝐾𝑢

1−𝐾/𝐾𝑠
                                                           (2.15) 

 

2.3.3. Biot’s coefficient 

When a rock sample undergoes external stresses, the fluid content changes, and the 

rock deforms. Biot’s coefficient is defined as [3]: 

𝛼 =
𝛿𝑉𝑓

𝛿𝑉
|

 
∆𝑝 = 0                                                             (2.16) 

where, 𝛼 is dimensionless Biot’s coefficient. Furthermore, 𝛿𝑉𝑓 stands for the alteration in 

the pore fluid volume, and 𝛿𝑉 shows the variation in the rock bulk volume. This 
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parameter lies in the range of 𝜑 < 𝛼 ≤ 1, where 𝜑 stands for rock’s porosity. For common 

soils, 𝛼 is close to 1, which represents the remarkable role of pore pressure in bearing the 

applied stresses. 

Parameter 𝛼 is also expressed in terms of the rock’s bulk moduli [3]: 

𝛼 = 1 −
𝐾𝑑𝑟𝑦

𝐾𝑠
                                                         (2.17) 

Biot’s coefficient is also stated in terms of Skempton’s coefficient and rock’s bulk 

moduli as [3]: 

𝛼 =
1−(

𝐾

𝐾𝑢
)

𝐵
                                                          (2.18) 

 

2.3.4. Poisson’s ratio 

When a rock undergoes axial loading, lateral and longitudinal deformations occur in 

the rock. The relationship between lateral deformation and longitudinal deformation 

under axial loading is expressed through the Poisson’s ratio term. This parameter is 

dimensionless, commonly shown as 𝜐 in the literature. Identical to the rock’s bulk 

modulus, the parameter of 𝜐 can be measured under drained and undrained conditions.  

Assume a cylindrical rock sample which is exposed to axial stress of 𝜎11. The 

subsequent paragraphs describe how Poisson’s ratio can be determined under drained 

and undrained conditions: 

• Drained Poisson’s ratio: 

This parameter is measured as [3]: 

𝜐 = −
𝜖22

𝜖11
|

 
 

∆𝑝 = 0; 𝜎22 = 0
                                           (2.19) 

In the above equation, 𝜐 indicates the drained Poisson’s ratio. Moreover, 𝜖22 along with 

𝜖11 represent the lateral and axial strain, respectively.   

Note that subscript ∆𝑝 = 0 refers to the drained loading condition. Furthermore, 

subscript 𝜎22 = 0 indicates that no lateral stresses are applied on the sample.  

The above relationship is accompanied with a negative sign because for common 

materials subjected to axial loading, their lateral strain is positive while the longitudinal 

strain is negative. Hence, the negative sign turns the ratio into a positive number. 
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• Undrained Poisson’s ratio: 

This parameter can be defined as [3]: 

𝜐𝑢 = −
𝜖22

𝜖11
|

 
 

𝜁 = 0; 𝜎22 = 0
                                         (2.20) 

where 𝜐𝑢 indicates the undrained Poisson’s ratio. Note that subscript 𝜁 = 0 refers to the 

undrained loading condition.  

The following relationships link the parameters 𝜐 and 𝜐𝑢 [3]: 

𝜐𝑢 =
3𝜐+𝛼𝐵(1−2𝜐)

3−𝛼𝐵(1−2𝜐)
                                                         (2.21) 

𝑣 =
3𝜐𝑢−𝛼𝐵(1+𝜐𝑢)

3−2𝛼𝐵 (1+𝜐𝑢)
                                                         (2.22) 

Eq. (2.22) can be rearranged as [3]: 

𝜐𝑢−𝜐

1+𝜐𝑢
=

𝛼𝐵(1−2𝜐)

3
                                                         (2.23) 

 

2.3.5. Shear modulus 

Rocks are vulnerable to shear stress. Shear modulus is an indicator of rock’s resistance 

against shear stress. It is commonly shown as G.  

Assume a cylindrical porous rock which is subjected to shear stress, 𝜏𝑥𝑦, applied along 

with the rock’s cross-sectional area. Consequently, a shear strain, 𝜖𝑥𝑦, occurs in the rock’s 

cross-sectional area.  The following formula relates 𝜏𝑥𝑦 to 𝜖𝑥𝑦 [43]: 

𝐺 =
𝜏𝑥𝑦

𝜖𝑥𝑦
                                                                (2.24) 

The shear modulus of a specific rock can be measured in different loading conditions, 

i.e. drained or undrained conditions. Under drained condition, the following relation is 

used to relate 𝐺 to 𝐾 and 𝑣 [44]: 

𝐺 = 3𝐾
1−2𝑣

2+2𝑣
                                                              (2.25) 

For the undrained condition, the same equation can be utilized, as follows [3]:  

𝐺𝑢 = 3𝐾𝑢
1−2𝑣𝑢

2+2𝑣𝑢
                                                       (2.26) 
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2.3.6. Young’s modulus 

This parameter manifests the stiffness of porous rocks against the tensile or 

compressive stresses. It is commonly shown as E. Moreover, it can be measured under 

drained and undrained conditions. 

• Drained Young modulus 

Assume a cylindrical porous rock sample which is subjected to axial stress of 𝜎11. 

Consequently, an axial strain, 𝜖11, occurs in the direction of rock’s axis. The following 

relation connects 𝜎11 to 𝜖11 [42]:   

𝐸 =
𝜎11

𝜖11
|

 
 

∆𝑝 = 0; 𝜎22 = 𝜎33 = 0
                                         (2.27) 

where, E stands for drained Young’s modulus. Furthermore, the subscript 𝜎22 = 𝜎33 = 0 

indicates that no lateral stresses are acted on the sample. 

The following formulas are used to relate E to K, G and 𝑣 under drained condition [45]: 

𝐸 =
9𝐾𝐺

3𝐾+𝐺
                                                            (2.28) 

𝐸 = 2𝐺(1 + 𝑣)                                                      (2.29) 

𝐸 = 3𝐾(1 − 2𝑣)                                                     (2.30) 

• Undrained Young’s modulus: 

Under undrained condition, Young’s modulus is formulated as [42]:   

𝐸𝑢 =
𝜎11

𝜖11
|

 
 

𝑑𝑚𝑓=0 = 0; 𝜎22 = 𝜎33 = 0
                                   (2.31) 

where, 𝐸𝑢 stands for the undrained Young’s modulus. Like Eqs. (2.28-2.30), the following 

equations are established [45]: 

𝐸𝑢 =
9𝐾𝑢𝐺𝑢

3𝐾𝑢+𝐺𝑢
                                                         (2.32) 

𝐸𝑢 = 2𝐺𝑢(1 + 𝑣𝑢)                                                     (2.33) 

𝐸𝑢 = 3𝐾𝑢(1 − 2𝑣𝑢)                                                      (2.34) 
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2.3.7. Biot modulus 

Biot modulus functions as an indication of the stiffness of porous rock. This parameter 

is commonly denoted as 𝑀 and is calculated using the following equation [3]: 

𝑀 =
𝐾𝑢−𝐾

𝛼2
                                                             (2.35) 

where 𝑀 is Biot modulus.  

 

2.3.8. Unconstrained specific storage coefficient 

Storage refers to the volume of fluid that needs to be introduced to or extracted from 

a porous rock to induce a change in pore pressure. This characteristic is represented by 

unconstrained specific storage coefficient, 
1

𝑅
 (see Eq. 2.6). It is commonly shown as 𝑆𝜎 in 

the literature. Furthermore, it is measured under conditions of constant applied stress. 

The formulation for 𝑆𝜎 is expressed as [3]: 

𝑆𝜎 =
1

𝑅´
≡ −

𝛿𝜁

𝛿𝑝
|

 
 

∆𝜎 = 0
                                                 (2.36) 

Instead of the above equation, 𝑆𝜎 can be calculated through the following relation [3]: 

𝑆𝜎 =
𝛼

𝐾 𝐵
                                                                (2.37) 
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2.4. Pure compliance formulation 

In the earlier subsections, four poro-elastic coefficients, 𝑎11, 𝑎12, 𝑎21, and 𝑎22 were 

defined. It is now feasible to express these coefficients in terms of other poro-elastic 

parameters as follows [3]: 

𝑎11 =
1

𝐾
                                                             (2.38) 

𝑎12 = 𝑎21 =
1

𝐻
=

𝛼

𝐾
                                                    (2.39) 

𝑎22 =
1

𝑅´
= 𝑆𝜎 =

𝛼

𝐾𝐵
                                                    (2.40) 

Replacing the above equations in Eqs. (2.8 and 2.9) yields [3]: 

 𝜖 =
1

𝐾
𝜎 +

𝛼

𝐾
𝑝                                                          (2.41) 

𝜁 =
𝛼

𝐾
𝜎 +

𝛼

𝐾𝐵
𝑝                                                         (2.42) 

Based on the Eq. (2.41) and Eq. (2.42), it can be deduced that at least three main poro-

elastic parameters including 𝛼, K, and B are required to formulate the 𝜖 and 𝜁 as functions 

of 𝜎 and 𝑝 for a specific porous rock.  

This chapter gave a concise overview of the poroelasticity constitutive equations and 

the key poro-elastic parameters that govern the behavior of porous rocks under 

mechanical and hydraulic influences. By establishing the relationships between applied 

stress, strain, pore pressure, and fluid content, the chapter underscored the importance 

of those parameters in characterizing the hydro-mechanical responses of rocks. 
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Chapter 3: State-of-the-art 
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The early studies on wellbore stability started in the late 19th century. Kirsch pioneered 

the initial mathematical solution to calculate the drilling-induced stresses near a hole 

within an elastic plate [9]. Hubbert and Willis utilized Kirsch’s solution to examine the 

stability of vertical wells subjected to non-uniform stresses [10]. They also included the 

effect of drilling mud pressure in Kirsch’s solution. After that, Fairhurst extended 

Kirsch’s solution to model the hydraulic fracturing operation in inclined wells [11]. It was 

concluded that in the absence of fluid infiltration into the formation, the pressure 

required for fracturing matches between the analytical and laboratory methods. 

However, in the case of fluid infiltration into the formation, which usually occurs, the 

fracturing pressure resulting from the analytical method is lower than the laboratory 

method. 

Bradley carried out research to assess the borehole failure in salt domes [46].Then, in 

the subsequent years, he developed analytical solutions for wellbore stability analysis. In 

an outstanding work, Bradley developed a theoretical solution for WSA [12]. To 

formulate the stress concentration around wellbore, the elastic Kirsch’s solution was 

utilized. Both Kirsch’s solution and Bradley's solution will be described in the next 

chapter. In both solutions, the rock was assumed to be elastic. However, in Bradley’s 

solution, the mud pressure from the drilling mud was applied to the wellbore. 

Furthermore, the wellbore wall was presumed impermeable (i.e. no mud infiltration was 

permitted). As a drawback, no pore pressure was included in the model. Bradley also 

described the potential wellbore failure mechanisms, including compressive failure and 

tensile failure. He assumed that the maximum stress state happens always at the wellbore 

wall. The next rigorous poro-elastic models such as Detournay and Cheng proved that 

this statement is not always true [13]. Nevertheless, Bradley’s solution became the basis 

of numerous WSA studies [33,47,48]. 

Followed by Bradley, Aadnøy elaborated the mechanics of wellbore instability in 

oil/gas fields [49]. After that, Aadnøy and Chenevert investigated the instability 

mechanism in rocks under different loading circumstances [40]. However, they did not 

include the pore pressure impact on wellbore failure. The main reason was that they had 

applied the Mises failure criterion for prediction of rock instability. In such a criterion, 

the pore pressure does not affect the wellbore failure. Thus, the influence of porosity 

together with the stresses derived from the pore fluid flow in the pores had not been 

considered. Such neglect of pore pressure consequently led to an overestimation of the 

rock strength against the induced stresses during the drilling operations. 
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Parallel to the development of elastic solutions, several researchers strived to relate 

Biot’s constitutive equations to porous rocks. Geertsma was the first person who linked 

Biot’s constitutive equations to rock mechanics [22]. Afterwards, in the domain of 

wellbore stability analysis, Paslay and Cheatham [50], and Haimson and Fairhurst [51] 

investigated the role of pore pressure in stress concentration around wellbores [50, 51]. 

By using Biot’s constitutive equations, those researchers showed that the rock-fluid 

interaction plays a significant function in wellbore stability.   

Rice and Cleary reformed the Biot’s constitutive formulas. This reformulation has been 

extensively used to address various geophysical challenges [39]. Those updated 

equations offered a more precise framework for analyzing the behavior of fluid-saturated 

rocks. Then, Detournay and Cheng investigated the effect of poro-elastic behavior of 

rocks during drilling operations of vertical wells [13]. They established a WSA 

mathematical approach using the Laplace transform. Furthermore, they incorporated 

their analytical solution into a numerical model. Through this, the impact of drilling-

induced stresses and pore pressure on the wellbore stability was assessed. It was found 

that rock failure may occur in a distance behind the wellbore wall rather than the wall 

itself. This phenomenon has been confirmed by recent numerical studies [34]. 

After Detaurnay and Chenge, other researchers carried out WSA using poro-elastic 

approach [13]. Fun et al. studied the influence of rock strength on wellbore failure [52]. 

Furthermore, Yew and Liu developed an analytical solution to predict the safe mud 

weight in drilling operations [53]. Such a solution incorporated the pore pressure impact 

on wellbore failure. Furthermore, the Mohr-Coulomb as well as Drucker-Prager criterion 

were utilized to predict the failure occurrence around the well. From the findings, it was 

deduced that the pore pressure affects the rock failure around the wellbore. In fact, 

wellbore instability was reported as a problem highly sensitive to pore pressure.  

Aoki et al. performed a WSA by considering shale strength anisotropy. They stated 

that at the commencement of drilling operation, the pore pressure around the well 

increases instantly which can be equivalent to the undrained loading condition. 

Nevertheless, the primary drawback of their investigation was neglecting the change in 

virgin pore pressure during mud infiltration into the surrounding rocks [54]. 

Cui et al. introduced an invaluable solution to formulate the drilling-induced stresses 

near a wellbore situated in an isotropic, homogeneous rock [14]. The problem was also 

numerically simulated by a finite element (FEM) model. The problem was decomposed 

into three distinct segments: poro-elastic plane strain loading, elastic uniaxial loading, 

and elastic anti-plane shear loading. Then, by applying superposition, those segments 
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were integrated. Among available analytical poro-elastic solutions, the formulation 

developed by Cui et al. can be considered as the most comprehensive wellbore instability 

formulation as it accounts for the coupled fluid-rock interaction [14]. Due to its 

significance, this solution is thoroughly discussed in the next chapter. 

Rahman et al. performed laboratory experiments and numerical modeling to assess 

the effects of mud and pore pressure on failure of wellbores drilled in shaly formations 

at the Australian Cooper basin [15]. To assess the influence of mud infiltration on the pore 

pressure change, some core samples were taken, and then, they were emplaced in a 

specific mud infiltration apparatus. The apparatus encompassed a core chamber, axial 

pressure cell, lateral pressure cell, pore pressure valves, different pressure ports, and a 

monitoring computer for recording the magnitudes of mud pressure and pore pressure. 

To perform numerical modelling, the Mohr-Coulomb rock criterion was utilized.  

Furthermore, a safety factor was devised as follows[15]: 

𝑆𝐹 =
𝜏𝑢
𝜏

 (3.1) 

where, 

𝜏𝑢 = 𝐶 + [(
 𝜎1 + 𝜎3

2
−
 𝜎1 − 𝜎3

2
 𝑆𝑖𝑛𝜙 − 𝑝)] 𝑡𝑎𝑛𝜙 (3.2) 

𝜏 =  
 𝜎1 − 𝜎3

2
 𝑐𝑜𝑠𝜙 (3.3) 

where 𝑆𝐹 represents the factor of safety, 𝜏𝑢 indicates rock’s shear strength, 𝜏 represents 

the shear stress applying on the rock,  𝐶 indicates rock’s cohesion, 𝜙 stands for the internal 

friction angle of rock, and 𝑝 indicates pore pressure. Furthermore, 𝜎1 and 𝜎3 represent the 

highest and the least applied stresses on rock, respectively. If SF < 1, rock failure occurs. 

According to the numerical models, the possible wellbore failure modes were debated, 

and the appropriate safe mud window was determined. It was stated that the initial safe 

mud weight might get unsafe as the drilling process proceeds [15]. 

Awal et al. utilized Kirsch’s solution through a poro-elastic approach to calculate the 

safe mud weight in two offshore wellbores in a shaly formation [16]. Several wellbore 

instability issues were already reported in the field. An indirect approach was introduced 

to enhance Kirsch’s solution from classic linear isotropy into a transversely anisotropic 

scenario. The calculation methods of key factors, e.g. Biot’s coefficient and in-situ stresses, 

were modified. Furthermore, the impact of anisotropy in Biot’s coefficient included by 

considering three dissimilar values for Biot’s coefficient. It was concluded that the 
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tectonic state of the region has a great impact on the borehole stability. Furthermore, they 

expressed that a reliable poro-elastic analysis necessitates access to the data, specifically 

Biot’s coefficient, rock elastic parameters, and on-site stress state. 

Regel at al. used the poroelasticity theory to assess the stability of two vertical 

wellbores drilled in Danish Herjre field located in North Sea [18]. They computed the 

Biot’s coefficient of subsurface formations by geophysical logs data. For chalk and shale 

rocks, it was calculated as 0.80, while for sandstone formations it was determined 

between 0.60 and 0.80. In addition, the lower limit of mud weight window was 

determined for both wellbores to prevent share failure occurrence. 

Liu and Abousleiman investigated the mud cake impact on wellbore failure for a 

fractured formation [55]. The formation was assumed to have dual-porosity including the 

matrix porosity, and the fracture-derived porosity. Furthermore, the Drucker-Prager 

criterion was utilized to represent rock behavior under failure conditions. The analytical 

solution incorporated the impact of mudcake buildup on the borehole wall. It was 

deduced that mudcake buildup can effectively influence the resistance of borehole wall 

as it reduces the mud invasion into the rock fractures. 

Zhang et al. developed an analytical- numerical solution for formulation of the stresses 

around an inclined wellbore drilled in an isotropic dual-porosity formation [17]. The 

hydro-mechanical interplay between rock and fluid was modeled via poroelasticity 

theory. This solution addressed the wellbore stability in two cases: with impermeable 

well wall, and permeable well wall. The impermeable well wall represented the condition 

in which mud cake prevented mud infiltration into the formation. On the contrary, the 

permeable wall represented the mud influx into the formation. An FEM-based model was 

generated to run numerical simulations. The wellbore stability analysis was conducted 

for several cases with dissimilar on-site stress magnitudes, and the relevant safe mud 

weight windows were identified. 

In another study, Zhang et al. established a poro-elastic formulation to analytically 

evaluate the stability of a borehole drilled in shaley formations of the western Canadian 

overthrust belt [56]. The interplay between the pore fluid and drilling mud was also 

considered. The analytical solution was then integrated into a FEM-based numerical 

model. The rock was presumed to be an isotropic medium. Moreover, the following poro-

elastic characteristics were specified to the generated model: 𝛼 = 0.771, 𝑀 = 15.8 𝑀𝑃𝑎, 

𝑣 = 0.189, and 𝐸 = 20.6 𝐺𝑃𝑎. The borehole diameter was 0.1 m. The results showed that 

shortly after drilling, the pore pressure in the surrounding rocks rapidly rises. This spike 

in pore pressure could cause potential failure around the wellbore. Over time, the pore 



29 
 

pressure steadily dissipates into the surrounding rocks. Therefore, the tangential stresses 

around the borehole escalate. Zhang et al. also compared the results of their poro-elastic 

solution to the elastic solution proposed by Bradley [12,57]. They stated that Bradley’s 

elastic solution overestimates the tangential stresses around the borehole, thereby leading 

to more conservative wellbore designation. They concluded that this overestimation 

stems from the assumption of constant pore pressure in Bradley’s solution.  

Liu et al. performed a fully coupled hydro-mechanical study to explore the influence 

of rock strength properties on wellbore instability [19]. The case study was a tight gas 

reservoir in China. The fluid-rock interaction was numerically modeled via an FEM-

based program. Furthermore, Mohr-Coulomb criterion was specified to the rock. A safety 

factor akin to Eq. (3.1), was used to quantify the wellbore failure. The rock properties such 

as E, v, α, C, and 𝜙 were changed, and their impact on the rock failure was evaluated. 

They concluded that these rock properties have a great impact on wellbore stability when 

they change during the drilling process and rock-fluid interactions.  

With the development of computers, wellbore stability analysis was vastly conducted 

via commercial programs such as ABAQUS, FLAC3D, UDEC, COMSOL, etc. There are 

many publications providing the results of numerical wellbore study analysis in 

literature [57-59]. The most of them are limited to a special case study, i.e. a certain oil/gas 

field. 

A vast spectrum of numerical simulations was assigned to determine the secure mud 

weight [60, 61]. As an illustration, Darvishpour et al. used FLAC3D software to estimate 

the safe mud weight window in Iranian Asmari sandstone formation [60]. They 

determined the highest and least mud weight to prevent wellbore failure issues. 

Additionally, it was reported that the results closely aligned with the operational mud 

weight used in the actual field. On a negative note, in the numerical model, the value of 

Biot’s coefficient was assigned equal to 1. This assumption was untrue as Biot’s coefficient 

can be presumed as 1 just for ordinary soils, while the Asmari sandstone formation has a 

remarkable rock strength. For example, at shallow depth the UCS of the Asmari 

sandstone formation may exceed 60 MPa. 

Hodge et al. established a hydro-mechanical model to evaluate wellbore stability 

under various loading conditions [62]. The conducted analysis highlighted the critical 

role of poro-elastic parameters in wellbore stability. They cited that when Biot’s 

coefficient increased, the net shear stress around the wellbore escalated, posing a higher 

risk of wellbore failure. Additionally, it was stated that rocks with higher Young’s 

modulus exhibit less sensitivity to pore pressure changes, resulting in a flatter shear stress 
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profile after drilling commencement. Furthermore, stress regime was mentioned as a 

greatly contributing factor on the net shear stress around the well. 

Salehi et al investigated wellbore stability in underbalanced drilling (UBD) conditions 

[57]. The case study was pertinent to two depleted Iranian fractured carbonate fields, 

referred to as field A and B. The study reported the occurrence of severe wellbore stability 

issues, e.g. lost circulation encountered during UBD in both fields. Using an elastoplastic 

model in FLAC3D software, the authors conducted numerical simulations to estimate the 

optimum Equivalent Circulating Density (ECD) for both fields. The values for Poisson's 

ratio (0.33 for field A and 0.30 for field B) and Young's modulus (3.31 × 10⁶ psi for field A 

and 0.66 × 10⁶ psi for field B) were specified to the models. The researchers expressed that 

numerical modelling provided exact results validated by the field observations. 

However, the study also identified the need for further research and validation, 

particularly in field B, where uncertainties in rock mechanical properties might impact 

stability predictions. 

Li and Gray examined the relation between Biot's coefficient and wellbore failure 

potential in reservoirs undergoing depletion. In their study, they considered Biot’s 

coefficient as 0.8 for an isotropic, homogeneous reservoir. The authors used the poro-

elastic theory to develop an analytical model for determination of depletion-induced 

changes in far-field on-site stresses. The results highlighted that the wells aligned with 

the highest horizontal stress direction faced significant challenges, since fracture 

gradients could become extremely low, narrowing the mud weight window and 

reducing the margin for error. One drawback of the study was that Biot's coefficient and 

Poisson's ratio were presumed constant. Such an assumption might not hold true in all 

reservoir conditions, potentially affecting the accuracy of stability predictions [63]. 

In another study, Kanfar et al. implemented a numerical simulation to assess the 

influence of poro-elastic characteristics on wellbore stability, particularly in anisotropic 

formations. By employing a FEM-based formulation on generalized plane strain theory, 

the model effectively analyzed complex poro-elastic scenarios in anisotropic formations. 

The findings of the study suggested that anisotropic rocks show different values of poro-

elastic constants like Biot’s coefficient and bulk modulus. Thus, particularly in complex 

anisotropic formations, the anisotropy of poro-elastic properties must be considered [64]. 

Li et al introduced a 3D poro-elasto-plastic numerical model to predict wellbore 

breakouts, focusing on the interactions between mechanical, hydraulic, and plastic 

behaviors around the wellbore. The model was grounded in the equations of poro-elasto-

plasticity, which incorporate Biot’s coefficient to describe pore fluid pressure impact on 
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effective stress. The study emphasized that mud infiltration into surrounding formation 

is influenced by the poro-elastic properties of the formation, and this phenomenon plays 

a critical role in wellbore stability [65]. 

Using Phase2 software, Akbarpour and Abdideh assessed wellbore stability in the 

Iranian Asmari reservoir. The focus was on the effects of various factors like on-site stress 

state, pore pressure, and drilling fluid pressure. Moreover, the impact of rock strength 

features such as Young’s modulus, rock’s cohesion, along with internal friction angle was 

evaluated. Furthermore, the impact of Biot's coefficient on wellbore stability was 

assessed. They stated that the choice of Biot’s coefficient influences the stress 

concentration around the wellbore. The authors also expressed that higher values of 

Biot’s coefficient imply an outstanding impact of pore fluid pressure on wellbore 

stability, affecting the predictions of safe mud weight windows for wellbore stability 

preservation [66]. 

Liu et al. studied the challenges associated with wellbore mechanical failure and lost 

circulation issues. Using poroelasticity theory, the authors derived some mathematical 

solutions for computation of stresses and pore pressures near the wellbore. Some of input 

rock properties were E=10.3 GPa, 𝑣𝑢 =0.35, 𝜑 =0.14, and 𝛼=0.96. Asymptotic solutions were 

established for short-term (t→0+) as well as long-term (t→∞) WSA. A significant 

discrepancy between the results was observed for two scenarios. It was also highlighted 

that conventional elastic models fail to properly predict wellbore instability issues, thus 

underscoring the importance of incorporating poro-elastic solutions for more accurate 

wellbore stability predictions [67]. 

As well as the poro-elastic response, some researchers evaluated the wellbore stability 

by including the temperature (thermal) effect [68-71]. Incorporating temperature in those 

models made them more complex than the pure poro-elastic models. In many of those 

models, the temperature was considered constant for a long profile of the rock which is 

not a true assumption. However, applying temperature-dependent properties of rocks 

requires time-consuming and expensive experiments. 

Nguyen et al. examined the thermo-poro-elastic effects on borehole stability. They 

introduced a model which incorporated thermal effects, including heat transfer between 

the rock and mud. The research demonstrated that temperature variations alter the stress 

distribution around the borehole, affecting the required mud weight window for 

borehole instability prevention. The study also emphasized the role of Biot’s coefficient 

in wellbore stability, noting its significant influence, particularly at lower values, where 

higher rock compressibility exacerbates the impact on stress and stability predictions [72]. 
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Wang et al. conducted quantitative risk assessment research to perform wellbore 

stability analysis. Historical drilling data were used to reduce uncertainties and enhance 

the accuracy of the research. Sensitivity analyses highlighted that rocks’ cohesion, Biot’s 

coefficient, internal friction angel, bulk modulus, and shear modulus had the greatest 

impacts on the safe mud pressure required to guarantee borehole stability. Except rock 

properties, the impacts of on-site stress regime and pore fluid pressure were also found 

to be highly noticeable. The study also developed a model for practical drilling 

designation and real-time monitoring. Such a model demonstrated high accuracy in 

identifying formations with potential wellbore instability occurrence [73]. However, it 

was noted that the effect of rock poro-elastic properties on wellbore stability might vary 

across different fields, necessitating specific simulations for each individual case. 

Zhang et al. created a model for prediction of mechanical response of rock in deep-sea 

drilling (DSD) operations. The model integrated mud circulation within the borehole 

with rock strain. Poro-elastic parameters such as Biot's coefficient (0.80), shear modulus 

(15 GPa), and Poisson's ratios for drained (0.25) and undrained (0.34) conditions were 

specified to the numerical model. The study highlighted the significant impact of fluid 

circulation and poro-elastic parameters on wellbore stability [74].  

Zhang et al. conducted a supplementary investigation to examine the impact of 

various parameters on wellbore stability during deep-sea drilling [75]. The analysis was 

built on the model developed in [74]. Hence, similar rock properties were given to the 

model. The research incorporated key poro-elastic relations to assess how fluid flow and 

mechanical deformation interact in the wellbore and surrounding reservoir. The results 

showed that changes in drilling depth (stress regime) and rock properties significantly 

impact the mechanical deformation around the wellbore.  

As well as the thermal effect, the chemical effect on wellbore stability has been vastly 

also investigated. The most chemically wellbore failure issues have been reported in shale 

formations. Shales contain clay minerals which are highly reactive with mud. 

Interestingly, roughly 90% of the global wellbore failure issues have occurred in shaley 

rocks [25].It is noteworthy that shale formations encompass approximately 75% of oil/ 

gas reservoirs [25]. The chemo-thermo-poroelastic analysis of wellbore stability is mainly 

conducted to choose the appropriate water-based drilling muds, the sensitivity of shale 

to washing, and determination of safe mud weight [76-79]. 

Furthermore, especially for shale formations, some researchers assessed the role of 

anisotropy of formation properties on wellbore stability [16,80-82]. Shale formations 

possess special features, including preferred fabric orientation and identifiable bedding 
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planes. These features result in transversely isotropic characteristics like elasticity and 

strength. This inherent anisotropy in shale plays a pivotal role in inducing a unique stress 

redistribution pattern during drilling operations compared to the isotropic conditions 

typically encountered in conventional reservoirs. Consequently, the pattern of wellbore 

instability differs significantly from that observed in conventional reservoirs.  

In recent decades, the use of artificial intelligence (AI) techniques in wellbore stability 

analysis has dramatically increased. Drilling operations are influenced by miscellaneous 

variables influencing the wellbore stability. The relation between those factors is 

commonly nonlinear and complex [83]. Machine learning is being considered for 

predicting wellbore stability in deep drilling due to its ability to handle complex 

relationships between drilling data and stability parameters [84]. For wellbore stability 

prediction, there are two types of machine learning approaches: non-full process, and full 

process. The first one predicts geological parameters and utilizes a mechanical model for 

wellbore stability prediction, while the second one directly predicts wellbore instability 

without any additional calculations. Despite its advantages, such as accuracy, 

applicability, and simplicity, the use of machine learning in wellbore stability scope is 

relatively new, and there's a need for more investigation in this area [85]. 

Some researchers suggested incorporating Quantitative Risk Analysis to assess 

wellbore failure risk derived from the random and uncertain nature of geological 

properties [86,87]. Quantitative Risk Analysis approach typically begins by identifying 

the distribution patterns of geological factors within the assessment models [88-90]. 

Subsequently, the Monte Carlo technique was employed for evaluating the borehole 

failure probability. Gao et al. developed novel evaluation models to examine the stability 

of vertical wells drilled within porous geological strata under varying stress conditions. 

Notably, the authors incorporated the uncertainty of geomechanical factors to perform a 

comprehensive wellbore instability risk assessment [91]. 

The incorporation of fluid-rock interaction has gone beyond the stability analysis of 

wellbores drilled for exploration of oil, gas, and water. For instance, the emerging 

horizontal directional drilling (HDD) is a straightforward example for this matter. The 

HDD technique is a modern trenchless construction method in which a shallow 

horizontal borehole is drilled to emplace the small-to-medium size pipelines [92]. Despite 

the deep oil/gas wellbores, the boreholes in HDD technique are mainly drilled in shallow 

loose soils. Wang and sterling performed an FEM-based analysis to assess the stability of 

shallow HDD wellbores. They determined the safe mud pressure during the HDD 

drilling operations [93].  
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In conclusion, the study of wellbore stability progressed significantly during the past 

decades, progressing from foundational analytical solutions to advanced numerical 

models that incorporate complex interactions between mechanical, hydraulic, and 

thermal effects. Early models provided critical insights into stress distribution around 

wellbores, while subsequent research expanded to include the influence of rock-fluid 

interactions, as well as anisotropy on wellbore stability. Modern approaches, particularly 

those utilizing poroelasticity and numerical simulations, have enhanced the accuracy of 

stability predictions, yet challenges remain, particularly in the need for field-specific 

simulations and the integration of diverse geomechanical factors. Continued 

advancements are essential for addressing the complexities of drilling in increasingly 

challenging environments. 
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Chapter 4: Stress Concentration around 

Wellbore 
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4.1. Elastic solutions 

4.1.1. Kirsch’s solution  

In 1898, Ernst Gustav Kirsch developed the first mathematical solution for calculation 

of drilling-induced stresses [9]. Figure 4.1 illustrates a schematic view of Krisch’s 

problem. A circular hole was drilled inside a semi-infinite, non-porous elastic plate, 

which was uniaxially loaded at points far from the hole. A uniaxial tensile stress equal to 

𝜎 was also applied on the plate parallel to y axis direction. The plate was infinite in the 

lateral direction (x axis direction). In Figure 4.1, the radius of hole is illustrated as R. 

Furthermore, 𝜃 represents the polar angel measured from y axis towards x axis. The 

parameter of r represents the distance from the wellbore center. Note that no pore 

pressure and mud pressure are included in Kirsch’s problem.  

 

Figure 4.1: Kirsch’s solution for a hole drilled within an uniaxially stressed plate. 

To find a solution for stresses  at any arbitrary point around the wellbore, the Airy 

stress function can be adopted. Airy developed a stress function of 𝛹(r,θ) from which the 

stresses could be obtained through differentiation operation [94]. To extract Kirsch’s 

solution, the Airy stress function is described here. Nevertheless, the entire elaboration 

of Airy stress function is out of this dissertation’s scope, and it is presented just in a 

concise way.  
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In Figure 4.1, the normal stresses change as cos2θ. On the other side, the shear stresses 

change as sin2θ. Hence, the following Airy stress function can be defined for the Kirsch’s 

circular hole problem [94]: 

𝛹(𝑟, 𝜃) = 𝑓(𝑟) cos2θ                                                    (4.1) 

where 𝛹(𝑟, 𝜃) is stress function. Furthermore, 𝑓(𝑟) represents a function of r. 

Using the Airy stress function, it can be shown that 𝑓(𝑟) has a general form as follows 

[93]: 

𝑓(𝑟) = 𝐴1𝑟
2 + 𝐴2𝑟

4 + 𝐴3
1

𝑟2
+ 𝐴4                                         (4.2) 

here 𝐴1, 𝐴2, 𝐴3, and 𝐴4 are respectively the first, second, third, and fourth coefficient in Airy 

stress function for Kirsch’s solution. By applying the boundary constraints at r=R, and r=∞, 

those coefficients are obtained as [94]: 

𝐴1 = −
𝜎

4
 ,  𝐴2 = 0 ,  𝐴3 = −

𝑅4𝜎

4
 , and 𝐴4 = −

𝑅2𝜎

2
 

In a polar coordinate system, stresses are typically stated as radial (r), tangential (𝜃), 

and shear (𝑟𝜃) stresses. A radial stress is a type of normal stress acting perpendicular to 

a surface at a given radius. It represents stress in the direction of the radius, either 

compressive or tensile. The tangential stress, also known as hoop or circumferential 

stress, is the normal stress acting tangentially to a surface at a given radius. It represents 

the stress perpendicular to the radial direction. And finally, shear stress acts on a plane 

oriented radially and tangentially.  

Consequently, the ultimate formulations for different stresses are obtained as follows 

[94]: 

𝜎𝑟 =
𝜎

2
(1 −

𝑅2

𝑟2
) +

𝜎

2
(1 −

4𝑅2

𝑟2
+
3𝑅4

𝑟4
) 𝑐𝑜𝑠2𝜃                                   (4.3) 

𝜎𝜃 =
𝜎

2
(1 +

𝑅2

𝑟2
) −

𝜎

2
(1 +

3𝑅4

𝑟4
)𝑐𝑜𝑠2𝜃                                          (4.4) 

𝜏𝑟𝜃 = −
𝜎

2
(1 +

2𝑅2

𝑟2
+
3𝑅4

𝑟4
) 𝑐𝑜𝑠2𝜃                                             (4.5) 

At r=R, the magnitude of the above stresses become [94]: 

𝜎𝑟 = 0                                                                    (4.6) 

𝜎𝜃 = 𝜎(1 − 2𝑐𝑜𝑠2𝜃)                                                          (4.7) 

𝜏𝑟𝜃 = −3𝜎𝑐𝑜𝑠2𝜃                                                         (4.8) 
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Based on the Eq. (4.7), the highest tangential stress on the hole wall gets 3𝜎 at 𝜃 =
𝜋

2
. 

Furthermore, the highest shear stress acting on the wall gets 3𝜎 at 𝜃 =
𝜋

2
. 

Kirsch’s solution was fundamental in understanding elastic stress concentration 

around a borehole, and it provided a basis for further developments in poro-elastic stress 

analyses. Hubbert and Wills and Fairhurst applied Kirsch’s formulation for stress 

analysis around wellbores [10,11]. Later, the accuracy of Kirsch’s equations was 

confirmed through photoelasticity theory and laboratory experiments [95]. These 

equations are still used in rock mechanics textbooks to represent stresses induced by 

drilling of a circular borehole [96]. Although Kirsch published his paper in 1898, the paper 

may not be an ideal reference to derive Kirsch’s equations [9]. The reason is that it heavily 

references a contemporary German textbook [45]. 

 

4.1.2. Bradley’s solution  

Kirsch’s solution had been fundamentally established for vertical holes. In 1979, 

Bradley combined Kirsch’s and Fairhurst’s solutions to formulate stress concentration 

around wellbores [12]. He assumed a circular inclined wellbore drilled within an infinite 

elastic plate (Figure 4.2). Pore pressure was not considered but mud pressure was 

incorporated in the solution. However, mud infiltration into the formation was not 

permitted. In fact, the wellbore wall was assumed to be impermeable. In Figure 4.2, 𝑝𝑚 

shows the mud pressure in the borehole. 

 

Figure 4.2: Bradley’s configuration for a circular inclined borehole. 
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The following equations were developed to formulate the near-wellbore stresses as 

follows [12, 95]: 

𝜎𝑟 = (
𝜎𝑥+𝜎𝑦

2
) (1 −

𝑅2

𝑟2
) + (

𝜎𝑥−𝜎𝑦

2
) (1 +

3𝑅4

𝑟4
−
4𝑅2

𝑟2
) 𝑐𝑜𝑠2𝜃 + 𝜏𝑥𝑦 (1 +

3𝑅4

𝑟4
−
4𝑅2

𝑟2
) 𝑠𝑖𝑛2𝜃 + 𝑝𝑚

𝑅2

𝑟2
     (4.9) 

𝜎𝜃 = (
𝜎𝑥+𝜎𝑦

2
) (1 +

𝑅2

𝑟2
) − (

𝜎𝑥−𝜎𝑦

2
) (1 +

3𝑅4

𝑟4
) 𝑐𝑜𝑠2𝜃 − 𝜏𝑥𝑦 (1 +

3𝑅4

𝑟4
) 𝑠𝑖𝑛2𝜃 − 𝑝𝑚

𝑅2

𝑟2
             (4.10) 

𝜎𝑧 = 𝜎𝑧𝑧 − 𝑣 (2(𝜎𝑥 − 𝜎𝑦)
𝑅2

𝑟2
𝑐𝑜𝑠2𝜃 + 4𝜏𝑥𝑦

𝑅2

𝑟2
𝑠𝑖𝑛2𝜃)                                     (4.11) 

𝜏𝑟𝜃 = (
𝜎𝑥−𝜎𝑦

2
) (1 −

3𝑅4

𝑟4
+
2𝑅2

𝑟2
) 𝑠𝑖𝑛2𝜃 + 𝜏𝑥𝑦 (1 −

3𝑅4

𝑟4
+
2𝑅2

𝑟2
) 𝑐𝑜𝑠2𝜃                           (4.12) 

   𝜏𝜃𝑧 = (−𝜏𝑥𝑧𝑠𝑖𝑛𝜃 + 𝜏𝑦𝑧𝑐𝑜𝑠𝜃)(1 +
𝑅2

𝑟2
)                                                  (4.13) 

 𝜏𝑟𝑧 = (𝜏𝑥𝑧𝑐𝑜𝑠𝜃 + 𝜏𝑦𝑧𝑠𝑖𝑛𝜃)(1 −
𝑅2

𝑟2
)                                                    (4.14) 

In the above equations, 𝜎𝑟, 𝜎𝜃, and 𝜎𝑧 respectively represent the radial, tangential, and 

vertical stress within polar coordinate system. Similarly, 𝜏𝑟𝜃, 𝜏𝜃𝑧, and 𝜏𝑟𝑧 indicate the 

shear stress components. Moreover, 𝜎𝑥, 𝜎𝑦, and 𝜎𝑧𝑧 represent on-site normal stresses 

rotated to the wellbore coordinate system. Similarly, 𝜏𝑥𝑦, 𝜏𝑥𝑧, and 𝜏𝑦𝑧 stand for on-site 

shear stresses rotated to the wellbore coordinate system. R stands for the wellbore radius. 

The parameter of r stands for the distance from the wellbore center. The polar angle is 

represented as 𝜃.  

At r=R, Eqs. (4.9-4.14) are simplified as follows [56]: 

𝜎𝑟 = 𝑝𝑚                                                            (4.15) 

𝜎𝜃 = (𝜎𝑥 + 𝜎𝑦 − 𝑝𝑚) − 2(𝜎𝑥 − 𝜎𝑦)𝑐𝑜𝑠2𝜃 − 4𝜏𝑥𝑦𝑠𝑖𝑛2𝜃                            (4.16) 

𝜎𝑧 = 𝜎𝑧𝑧 − 𝑣[2(𝜎𝑥 − 𝜎𝑦)𝑐𝑜𝑠2𝜃 + 4𝜏𝑥𝑦𝑠𝑖𝑛2𝜃]                                   (4.17) 

𝜏𝜃𝑧 = 2(−𝜏𝑥𝑧𝑠𝑖𝑛𝜃 + 𝜏𝑥𝑦𝑐𝑜𝑠𝜃)                                                (4.18) 

𝜏𝑟𝜃 = 0                                                                (4.19) 

𝜏𝑟𝑧 = 0                                                                (4.20) 

If the wellbore is vertical, Eqs. (4.9-4.14) can be rewritten as follows [56]: 

𝜎𝑟 = (
𝜎𝐻+𝜎ℎ

2
) (1 −

𝑅2

𝑟2
) + (

𝜎𝐻−𝜎ℎ

2
) (1 −

4𝑅2

𝑟2
+
3𝑅2

𝑟4
) 𝑐𝑜𝑠2𝜃 + 𝑝𝑚

𝑅2

𝑟2
                         (4.21) 

𝜎𝜃 = (
𝜎𝐻+𝜎ℎ

2
) (1 +

𝑅2

𝑟2
) − (

𝜎𝐻−𝜎ℎ

2
) (1 +

3𝑅2

𝑟4
) 𝑐𝑜𝑠2𝜃 − 𝑝𝑚

𝑅2

𝑟2
                             (4.22) 

𝜎𝑧 = 𝜎𝑣 − 𝑣
2𝑅2

𝑟2
(𝜎𝐻 − 𝜎ℎ)𝑐𝑜𝑠2𝜃                                                   (4.23) 
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𝜏𝑟𝜃 = −(
𝜎𝐻−𝜎ℎ

2
) (1 +

2𝑅2

𝑟2
−
3𝑅4

𝑟4
) 𝑠𝑖𝑛2𝜃                                               (4.24) 

𝜏𝑟𝑧 = 0                                                                       (4.25) 

𝜏𝜃𝑧 = 0                                                                       (4.26) 

In the above equations, 𝜎𝐻 and 𝜎ℎ represent the greatest and the least far-field on-site 

stresses, respectively. At r=R, the radial and tangential stresses can be readily determined 

as follows [56]: 

𝜎𝑟 = 𝑝𝑚                                                                      (4.27) 

𝜎𝜃 = (𝜎𝐻 + 𝜎ℎ) − 2(𝜎𝐻 − 𝜎ℎ)𝑐𝑜𝑠2𝜃 − 𝑝𝑚                                          (4.28)  

At r=R, the highest and the least values of tangential stress are obtained as follows [56]: 

𝜎𝜃𝑚𝑎𝑥 = 3𝜎𝐻 − 𝜎ℎ − 𝑝𝑚                                  , at    𝜃 = 90ᵒ                         (4.29)  

𝜎𝜃𝑚𝑖𝑛 = 3𝜎ℎ − 𝜎𝐻 − 𝑝𝑚                                 , at   𝜃 = 0ᵒ                          (4.30)  

In comparison to Kirsch’s solution, Bradley’s solution is a 3D formulation. Moreover, 

it considers the mud pressure although no mud influx into the formation is permitted. 

Note that the formation pore pressure is not considered in Bradley’s solution. Despite the 

mentioned drawbacks, Bradley's equations have been widely used in petroleum 

engineering for WSA. 

 

4.1.3. Bradley’s solution with pore pressure consideration 

The main drawback of Bradley’s solution was that it did not consider the pore fluid 

pressure within the formation. As is widely recognized, rocks often are porous media 

containing pore fluids. The effect of pore pressure on the hydro-mechanical behavior of 

rock-fluid medium is described by the effective stress concept as follows [56]: 

𝜎´𝑖𝑗 = 𝜎𝑖𝑗 − 𝛼𝛿𝑖𝑗𝑝                                                        (4.31) 

where 𝜎´𝑖𝑗  indicates the effective stress. Furthermore, 𝜎𝑖𝑗 stands for the total stress. The 

indices of i and j can be specified as 1, 2, and 3. 𝛼 stands for Biot’s coefficient. 𝑝 is pore 

pressure. Also, the sign of 𝛿 stands for the Kronecker delta. 

To include pore pressure parameter in Bradley’s solution, let’s assume a circular 

vertical borehole drilled in an isotropic elastic medium (Figure 4.3). The greatest and the 

least horizontal stresses are shown as 𝜎𝐻 and 𝜎ℎ, respectively. Pore pressure is constant, 
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and 𝛼 is assumed as 1. Also, no mud flow out and pore fluid influx into the wellbore are 

permitted (impermeable wellbore wall).  

 

Figure 4.3: Modified Bradley’s solution with pore pressure consideration. 

As is well-known, the pore pressure only affects normal stress. It has no influence on 

shear stress. Therefore, Eqs. (4.21-4.23) change, while Eqs. (4.24-4.26) remain unchanged, 

as follows [56]: 

𝜎´𝑟 = (
𝜎𝐻+𝜎ℎ−2𝑝

2
) (1 −

𝑅2

𝑟2
) + (

𝜎𝐻−𝜎ℎ

2
) (1 −

4𝑅2

𝑟2
+
3𝑅2

𝑟4
) 𝑐𝑜𝑠2𝜃 + (𝑝𝑚 − 𝑝)

𝑅2

𝑟2
          (4.32) 

𝜎´𝜃 = (
𝜎𝐻+𝜎ℎ−2𝑝

2
) (1 +

𝑅2

𝑟2
) − (

𝜎𝐻−𝜎ℎ

2
) (1 +

3𝑅2

𝑟4
) 𝑐𝑜𝑠2𝜃 − (𝑝𝑚 − 𝑝)

𝑅2

𝑟2
               (4.33) 

𝜎´𝑧 = 𝜎𝑣 − 𝑝 − 𝑣
2𝑅2

𝑟2
(𝜎𝐻 − 𝜎ℎ)𝑐𝑜𝑠2𝜃                                       (4.34) 

𝜏𝑟𝜃 = −(
𝜎𝐻−𝜎ℎ

2
) (1 +

2𝑅2

𝑟2
−
3𝑅4

𝑟4
) 𝑠𝑖𝑛2𝜃                                       (4.35) 

𝜏𝑟𝑧 = 0                                                               (4.36) 

𝜏𝜃𝑧 = 0                                                               (4.37) 

where, 𝜎𝑣 stands for the vertical principal stress. 
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Subsequently, at the borehole wall, the effective normal stresses are determined as 

follows [56]: 

𝜎´𝑟 = 𝑝𝑚 − 𝑝                                                        (4.38) 

𝜎´𝜃 = 𝜎𝐻 + 𝜎ℎ − 𝑝 − 𝑝𝑚 − 2(𝜎𝐻 − 𝜎ℎ)𝑐𝑜𝑠2𝜃                                 (4.39) 

𝜎´𝑧 = 𝜎𝑣 − 𝑝 − 𝑣[2(𝜎𝐻 − 𝜎ℎ)𝑐𝑜𝑠2𝜃]                                      (4.40) 

Then, the least and the highest values of effective tangential stresses at r=R are obtained 

as follows [56]: 

𝜎´𝜃𝑚𝑎𝑥 = 3𝜎𝐻 − 𝜎ℎ − 𝑝 − 𝑝𝑚               , at    𝜃 = 90ᵒ                         (4.41)  

𝜎´𝜃𝑚𝑖𝑛 = 3𝜎ℎ − 𝜎𝐻 − 𝑝 − 𝑝𝑚                , at   𝜃 = 0ᵒ                           (4.42)  

Note that angles of 𝜃 = 90ᵒ and 𝜃 = 0ᵒ represent the direction of 𝜎ℎ and  𝜎𝐻, respectively.                                                                                                        

In this described solution, the pore fluid pressure was assumed as an unchanged 

parameter, and 𝛼 was presumed as 1. Nevertheless, the change in the pore pressure, and 

hydro-mechanical interaction (poro-elastic effect) between fluid and rock were not 

considered. These are the main disadvantages of the above elastic solution.   

 

4.2. Poro-elastic solutions 

Considering the significant impact of fluid-rock interaction on wellbore stability, 

different analytical solutions were developed using the poroelasticity theory. The 

analytical elastic solutions presented before did not account for fluid infiltration 

from/into the porous rock.  

Some researchers developed analytical or numerical-analytical formulations to 

consider the fluid-rock interaction in WSA [13,14,17,97]. In what follows, the solution 

established by Cui et al.  will be presented [14]. This solution is an inclusive formulation 

for poro-elastic wellbore stability analysis. 
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4.2.1. Cui et al.’s solution  

Cui et al. established a mathematical formulation to formulate the drilling-induced 

stresses around a wellbore embedded in an isotropic, homogeneous porous rock [14]. 

Let’s consider an inclined wellbore drilled in an isotropic porous medium (Figure 4.4a). 

The 𝑥′𝑦′𝑧′ Cartesian coordinate system indicates the far-field in-situ coordinate system. 

Furthermore, the far-field on-site stresses within the region are represented by 𝑆𝑥′ , 𝑆𝑦′ 

and 𝑆𝑧′. The native pore pressure is 𝑝0. 

To facilitate the wellbore simulation, there is need to define a local wellbore coordinate 

system. For the given wellbore, let’s assign a local wellbore coordinate system, i.e. 𝑥𝑦𝑧 

(Figure 4.4b). This coordinate system is created by rotation the 𝑥′𝑦′𝑧′ coordinate system. 

The 𝑧 axis is aligned with the longitudinal axis of the wellbore. Moreover, 𝜑𝑧 stands for 

the angle between 𝑧′ and 𝑧 axes. It is noteworthy that 𝜑𝑧 is also known as the wellbore 

deviation angle. In addition, 𝜑𝑥 indicates the angle between 𝑥′ and 𝑥 axes. Stresses in 

𝑥′𝑦′𝑧′ are then transformed to 𝑥𝑦𝑧 system (Figure 4.4c). 

 

                (a)                                                         (b)                                                    (c) 

Figure 4.4: (a) Far-field in-situ coordinate system; (b) the spatial illustration of far-field and local 

wellbore coordinate systems; (c) different components of stresses in wellbore coordinate system. 

The following matrix can be utilized to transform the far-field in-situ stresses to the 

local wellbore coordinate system [14,17]: 

{
  
 

  
 
𝑆𝑥
𝑆𝑦
𝑆𝑧
𝑆𝑥𝑦
𝑆𝑦𝑧
𝑆𝑥𝑧}

  
 

  
 

=

[
 
 
 
 
 
 
 

𝑙𝑥𝑥′
2 𝑙𝑥𝑦′

2 𝑙𝑥𝑧′
2

𝑙𝑦𝑥′
2 𝑙𝑦𝑦′

2 𝑙𝑦𝑧′
2

𝑙𝑧𝑥′
2 𝑙𝑧𝑦′

2 𝑙𝑧𝑧′
2

𝑙𝑥𝑥′𝑙𝑦𝑥′ 𝑙𝑥𝑦′𝑙𝑦𝑦′ 𝑙𝑥𝑧′𝑙𝑦𝑧′

𝑙𝑦𝑥′𝑙𝑧𝑥′ 𝑙𝑧𝑦′𝑙𝑦𝑦′ 𝑙𝑧𝑧′𝑙𝑦𝑧′

𝑙𝑧𝑥′𝑙𝑥𝑥′ 𝑙𝑧𝑦′𝑙𝑥𝑦′ 𝑙𝑧𝑧′𝑙𝑥𝑧′ ]
 
 
 
 
 
 
 

× {

𝑆𝑥′

𝑆𝑦′

𝑆𝑧′
}                                  (4.43) 
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where 

{

𝑙𝑥𝑥′ 𝑙𝑥𝑦′ 𝑙𝑥𝑧′

𝑙𝑦𝑥′ 𝑙𝑦𝑦′ 𝑙𝑦𝑧′

𝑙𝑧𝑥′ 𝑙𝑧𝑦′ 𝑙𝑧𝑧′
} = [

𝑐𝑜𝑠𝜑𝑥𝑐𝑜𝑠𝜑𝑧     𝑠𝑖𝑛𝜑𝑥𝑐𝑜𝑠𝜑𝑥        − 𝑠𝑖𝑛𝜑𝑧
−𝑠𝑖𝑛𝜑𝑥                     𝑐𝑜𝑠𝜑𝑥                   0     
𝑐𝑜𝑠𝜑𝑥𝑠𝑖𝑛𝜑𝑧      𝑠𝑖𝑛𝜑𝑥𝑠𝑖𝑛𝜑𝑧         𝑐𝑜𝑠𝜑𝑧   

]                         (4.44)  

In the above equation, 𝑆𝑥, 𝑆𝑦, 𝑆𝑧 indicate the normal stresses in 𝑥𝑦𝑧 system. On the other 

side, 𝑆𝑥𝑦, 𝑆𝑦𝑧, and 𝑆𝑧𝑥 represent the shear stresses in the same coordinate system. 

Furthermore, 𝑙𝑥𝑥′, 𝑙𝑥𝑦′, 𝑙𝑥𝑧′, 𝑙𝑦𝑥′, 𝑙𝑦𝑦′, 𝑙𝑦𝑧′, 𝑙𝑧𝑥′, 𝑙𝑧𝑦′, and 𝑙𝑧𝑧′ are trigonometric parameters. 

Now, the problem illustrated in Figure 4.4c can be decomposed to three separate 

segments as follows (Figure 4.5): 

I. The poro-elastic plane strain loading condition 

II. The elastic uni-axial loading condition 

III. The elastic anti-plane shear loading condition 

Note that the vertical stress, 𝑆𝑧, is divided into two components within segments I and 

II, as follows [14]: 

𝑆𝑧 = 𝑆𝑧
1 + 𝑆𝑧

2                                                         (4.45) 

where 𝑆𝑧 represents the vertical stress, 𝑆𝑧
1 stands for the vertical stress component within 

the segment I, and 𝑆𝑧
2 indicates the vertical stress component within the segment II. 

 

Figure 4.5: (a) the spatial illustration of stresses in local wellbore coordinate system; (b) segment 

I; (c) segment II; (d) segment III. 

Using the above decomposition, the problem can be solved by superposition [14]. The 

solution for each individual segment is presented in Sections 4.3.1.1., 4.3.1.2., and 4.3.1.3, 

respectively. After that, the superposition of those individual solutions is provided in 

Section 4.3.1.4.  
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4.2.1.1. Solution for segment I 

To achieve this solution, firstly, it is essential to transform the 𝑥𝑦𝑧 coordinate system 

to a new coordinate system, 𝑥″𝑦″𝑧″. This new coordinate system is chosen so that 𝑥″ axis 

and 𝑦″ axis are parallel to the direction of 𝜎ℎ and 𝜎𝐻, respectively. Therefore, the 𝑥𝑦𝑧 

coordinate system is rotated about z axis till 𝑥″ axis and 𝑦″ axis coincide with directions 

of 𝜎ℎ and 𝜎𝐻, respectively (Figure 4.6). The 𝑥″𝑦″𝑧″ coordinate system can be named the 

"Principal stress coordinate system". This name reflects the fact that the coordinate axes 

are parallel to the principal stresses (𝜎ℎ and 𝜎𝐻) directions. 

 

Figure 4.6: The principal stress coordinate system (𝑥″𝑦″𝑧″). 

The rotation angle between x and 𝑥″ axes is obtained as follows [14]: 

𝜃𝑟 =
1

2
𝑡𝑎𝑛−1

2𝑆𝑥𝑦

𝑆𝑥−𝑆𝑦
                                              (4.46) 

In the 𝑥″𝑦″𝑧″ system, the following relation can be expressed as [14]: 

𝜃′′ = 𝜃 − 𝜃𝑟                                                      (4.47)         

where 𝜃′′ is the polar angle in 𝑥″𝑦″𝑧″ coordinate system, and 𝜃 is the polar angle in 𝑥𝑦𝑧 

coordinate system. 

In the 𝑥″𝑦″𝑧″ coordinate system, the far-field stresses at r→ ∞ are given by [14]: 

𝜎𝑥′′𝑥′′ = −(𝑃0 − 𝑆0)                                                  (4.48) 

𝜎𝑦′′𝑦′′ = −(𝑃0 + 𝑆0)                                                  (4.49) 

𝜎𝑥′′𝑦′′ = 0                                                            (4.50) 

𝑝 = 𝑝0                                                              (4.51) 
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In the above equations, 𝑃0 and 𝑆0 represent the far-field mean compressive stress and 

the far-field deviatoric stress, respectively. These parameters are defined as follows [14]: 

𝑃0 =
𝑆𝑥+𝑆𝑦

2
                                                          (4.52) 

                          𝑆0 = √
𝑆𝑥+𝑆𝑦

2
+ 𝑆𝑥𝑦2                                                    (4.53) 

 

Baded on the above far-field stress conditions, the solution for segment I is achieved 

as follows [14]: 

𝜎𝑟𝑟
(𝐼)
= −𝑃0 + 𝑆0𝑐𝑜𝑠2(𝜃 − 𝜃𝑟) + 𝜎𝑟𝑟

(1)
+ 𝜎𝑟𝑟

(2)
+ 𝜎𝑟𝑟

(3)
                            (4.54) 

𝜎𝜃𝜃
(𝐼)
= −𝑃0 − 𝑆0𝑐𝑜𝑠2(𝜃 − 𝜃𝑟) + 𝜎𝜃𝜃

(1)
+ 𝜎𝜃𝜃

(2)
+ 𝜎𝜃𝜃

(3)
                            (4.55) 

𝜎𝑧𝑧
(𝐼)
= 𝑣[𝜎𝑟𝑟

(1)
+ 𝜎𝜃𝜃

(1)
] − 𝛼(1 − 2𝑣)𝑝(𝐼)                                        (4.56) 

𝜏𝑟𝜃
(𝐼)
= −𝑆0 𝑠𝑖𝑛2(𝜃 − 𝜃𝑟) + 𝜏𝑟𝜃

(3)
                                              (4.57)   

   𝜏𝑟𝑧
(𝐼)
= 𝜏𝜃𝑧

(𝐼)
= 0                                                          (4.58)    

𝑝(𝐼) = 𝑝0 + 𝑝
(2) + 𝑝(3)                                                    (4.59) 

In the above equations, the subscript (I) means that the corresponding parameter 

belongs to segment I (or poro-elastic plane stress problem). Furthermore, the subscripts 
(1), (2) and (3) illustrate the poro-elastic plane stress problem in three different states: Lame, 

diffusion, and poro-elastic deviatoric stress loading, respectively [13]. The mathematical 

relations for calculation of parameters pertinent to those three cases are explained below. 

1. Lame state 

In Eqs. (4.54-4.59), two stresses including 𝜎𝑟𝑟
(1)
 and 𝜎𝜃𝜃

(1)
 belong to the Lame state. Those 

two parameters can be computed as follows [14]: 

𝜎𝑟𝑟
(1)
= 𝐻(𝑡)𝑃0

𝑅2

𝑟2
                                                   (4.60)               

𝜎𝜃𝜃
(1)
= −𝐻(𝑡)𝑃0

𝑅2

𝑟2
                                                 (4.61)  

where the Heaviside step function of H(t) is expressed as follows: 

𝐻(𝑡) = {
1           𝑡 > 0 
0          𝑡 ≤ 0

                                                  (4.62)  

where t indicates the time after the drilling commencement. 
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2. Diffusion state 

In Eqs. (4.54-4.59), two stress components including 𝜎𝑟𝑟
(2)

 and 𝜎𝜃𝜃
(2)

 as well as pore 

pressure  𝑝(2) are related to diffusion state. One approach to determine those three 

parameters is the Laplace transformation [13]. If the Laplace transformation is utilized, 

the three variables are obtained as follows [14]: 

𝜎̃𝑟𝑟
(2)
= −

2𝜂𝑝0

𝑠
[
𝑅

𝑟

𝑘1(𝜉)

𝛽𝑘0(𝛽)
−
𝑅2

𝑟2
𝑘1(𝛽)

𝛽𝑘0(𝛽)
]                                         (4.63) 

                        𝜎̃𝜃𝜃
(2)
= −

2𝜂𝑝0

𝑠
[
𝑅

𝑟

𝑘1(𝜉)

𝛽𝑘0(𝛽)
−
𝑅2

𝑟2
𝑘1(𝛽)

𝛽𝑘0(𝛽)
+

𝑘0(𝜉)

𝑘0(𝛽)
]                                  (4.64)         

𝑝(2) = −
𝑝0

𝑠

𝑘0(𝜉)

𝑘0(𝛽)
                                                          (4.65) 

where, the ⁓ sign refers to the Laplace transform. Moreover, s represents the transform 

parameter, and 𝜂  represents the poro-elastic stress coefficient which is calculated as 

follows [14]: 

𝜂 =
3(𝑣𝑢−𝑣)

2𝐵(1−𝑣)(1+𝑣𝑢)
= 𝛼

1−2𝑣

2(1−𝑣)
                                            (4.66) 

Moreover, 𝑘𝑛 represents the modified Bessel function pertinent to the second kind of 

order n. It should be noted that 𝑘𝑛 is a function of 𝜉 and 𝛽 as follows [14]: 

 

                                       𝜉 = 𝑟√
𝑠

𝑐
                                                           (4.67) 

                                      𝛽 = 𝑅√
𝑠

𝑐
                                                         (4.68) 

In the above equations, 𝜉 and 𝛽 are dependent parameters. Furthermore, 𝑐 refers to the 

generalized consolidation coefficient calculated as follows [13]: 

𝑐 =
2𝜅𝐵2𝐺(1−𝑣)(1+𝑣𝑢)

2

9(1−𝑣𝑢)(𝑣𝑢−𝑣)
∇2𝑝                                            (4.69) 

where 𝜅 represents the permeability coefficient, and other parameters have been already 

defined in Chapter 2. 

 

 

 



48 
 

3. Poro-elastic deviatoric stress loading state 

In Eqs. (4.54-4.59), three stress components including 𝜎𝑟𝑟
(3)

, 𝜎𝜃𝜃
(3)

, and 𝜏𝑟𝜃
(3)

as well as pore 

pressure 𝑝(3) are related to this state which is an entirely poro-elastic problem. If the 

Laplace transform is used, the corresponding parameters are computed as follows [14]: 

𝜎̃𝑟𝑟
(3)
= 

𝑆0

𝑠
{
𝐵(1+𝑣𝑢)

3(1−𝑣𝑢)
𝐶1 [

1

𝜉
𝐾1(𝜉) +

6

𝜉2
𝐾2(𝜉)] −

1

1−𝑣𝑢
𝐶2

𝑅2

𝑟2
− 3𝐶3

𝑅4

𝑟4
} 𝑐𝑜𝑠2(𝜃 − 𝜃𝑟)          (4.70)         

𝜎̃𝜃𝜃
(3)
=

𝑆0

𝑠
{−

𝐵(1+𝑣𝑢)

3(1−𝑣𝑢)
𝐶1 [

1

𝜉
𝐾1(𝜉) + (1

6

𝜉2
)𝐾2(𝜉)]+3𝐶3

𝑅4

𝑟4
} 𝑐𝑜𝑠2(𝜃 − 𝜃𝑟)            (4.71) 

𝜏̃𝑟𝜃
(3)
= 

𝑆0

𝑠
{
2𝐵(1+𝑣𝑢)

3(1−𝑣𝑢)
𝐶1 [

1

𝜉
𝐾1(𝜉) +

3

𝜉2
𝐾2(𝜉)−

1

2(1−𝑣𝑢)
𝐶2

𝑅2

𝑟2
− 3𝐶3

𝑅4

𝑟4
}] 𝑠𝑖𝑛2(𝜃 − 𝜃𝑟)        (4.72) 

𝑝3 =
𝑆0

𝑠
[
𝐵2(1−𝑣)(1+𝑣𝑢)

2

9(1−𝑣𝑢)(𝑣𝑢−𝑣)
𝐶1𝐾2(𝜉) +

𝐵(1+𝑣𝑢)

3(1−𝑣𝑢)
𝐶2

𝑅2

𝑟2
] 𝑐𝑜𝑠2(𝜃 − 𝜃𝑟)                          (4.73)     

In the above equations, 𝐶1, 𝐶2, and 𝐶3 represent the first, second, and third coefficients 

in Laplace transform of poro-elastic deviatoric stress loading state. These coefficients can 

be obtained as follows [14]: 

                            𝐶1 =
12𝛽(1−𝑣𝑢)(𝑣𝑢−𝑣)

𝐵(1+𝑣𝑢)(𝐷2−𝐷1)
                                                  (4.74)    

                           𝐶2 =
4(1−𝑣𝑢)𝐷2

(𝐷2−𝐷1)
                                                       (4.75) 

                           𝐶3 = −
𝛽(𝐷2+𝐷1)+8(𝑣𝑢−𝑣)𝐾2(𝛽)

𝛽(𝐷2−𝐷1)
                                          (4.76) 

 in which 

𝐷1 = 2(𝑣𝑢 − 𝑣)𝐾1(𝛽)                                             (4.77) 

𝐷2 = 𝛽(1 − 𝑣)𝐾2(𝛽)                                             (4.78) 

 where 𝐷1 and 𝐷2 respectively indicate the factor related to modified Bessel function of 

the second kind of order 1 and order 2. 
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4.2.1.2. Solution for segment II 

As Figure 4.5c illustrates, under elastic uni-axial loading condition, only a consistent 

uni-axial stress, 𝑆𝑧
2, is applied to the rock. Moreover, there is no virgin pore pressure in 

this case. Therefore, the following relations can be derived as [14]: 

𝜎𝑧𝑧
(𝐼𝐼)

= −𝑆𝑧 + [𝑣(𝑆𝑥 + 𝑆𝑦) + 𝛼(1 − 2𝑣)𝑝0]                                  (4.79) 

𝜎𝑟𝑟
(𝐼𝐼)

= 𝜎𝜃𝜃
(𝐼𝐼)

= 𝜏𝑟𝜃
(𝐼𝐼)

= 𝜏𝑟𝑧
(𝐼𝐼)

= 𝜏𝜃𝑧
(𝐼𝐼)

= 𝑝(𝐼𝐼) = 0                                (4.80) 

 4.2.1.3. Solution for segment III 

As shown in Figure 4.5d, in this case, only shear stresses are acting on the rock. This 

problem was previously addressed in work published by Bradley [12]. The 

corresponding solution is given by [14]: 

𝜏𝑟𝑧
(𝐼𝐼𝐼)

= −(𝑆𝑥𝑧 cos 𝜃 + 𝑆𝑦𝑧 sin 𝜃)[1 − 𝐻(𝑡)
𝑅2

𝑟2
]                                    (4.81) 

𝜏𝜃𝑧
(𝐼𝐼𝐼)

= (𝑆𝑥𝑧 sin 𝜃 − 𝑆𝑦𝑧 cos 𝜃)[1 + 𝐻(𝑡)
𝑅2

𝑟2
]                                     (4.82) 

𝜎𝑟𝑟
(𝐼𝐼𝐼)

= 𝜎𝜃𝜃
(𝐼𝐼𝐼)

= 𝜎𝑧𝑧
(𝐼𝐼𝐼)

= 𝜏𝑟𝜃
(𝐼𝐼𝐼)

= 𝑝(𝐼𝐼𝐼) = 0                                     (4.83) 

                                                                                   

4.2.1.4. Superposition of solutions I, II, and III. 

Lastly, by superposition of the solutions obtained for segments I, II, and III, the 

ultimate poro-elastic solution is expressed as follows [14]: 

𝜎𝑟𝑟 = 𝜎𝑟𝑟
(𝐼)

                                                            (4.84) 

𝜎𝜃𝜃 = 𝜎𝜃𝜃
(𝐼)

                                                            (4.85) 

𝜎𝑧𝑧 = 𝜎𝑧𝑧
(𝐼)
+ 𝜎𝑧𝑧

(𝐼𝐼)
                                                     (4.86) 

𝜏𝑟𝜃 = 𝜏𝑟𝜃
(𝐼)

                                                             (4.87)   

𝜏𝑟𝑧 = 𝜏𝑟𝑧
(𝐼𝐼𝐼)

                                                            (4.88)   

   𝜏𝜃𝑧 =  𝜏𝜃𝑧
(𝐼𝐼𝐼)

                                                           (4.89)    

𝑝 = 𝑝(𝐼)                                                              (4.90) 
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Chapter 5: Methodology 
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5.1. Laboratory part 

The methodology of the present research consisted of two complementary parts: The 

first part involved conducting physical experiments in the laboratory to obtain 

experimental data. Through these experiments, not only the physical, mechanical, and 

poro-elastic characteristics of the sandstone samples were obtained, but rocks’ behavior 

under various loading conditions, including drained and undrained conditions, was also 

analyzed. In the field, two methods are utilized to measure the geomechanical properties 

of rocks: direct laboratory tests and indirect acoustic log data. The first method is liable, 

while it is considerably costly, moreover, it is very difficult to have adequate samples 

from all depths of the field. On the contrary, the indirect acoustic data is more 

widespread, and it characterizes the rock along the different depth profiles. Nevertheless, 

this data must be appropriately calibrated using the laboratory tests in which the exact 

correlations between the shear/compressional wave velocity and rock strength properties 

are extracted [98]. 

Determining the different characteristics of a rock requires the use of various 

laboratory instruments. The laboratory of Drilling and Geo-Engineering Department at 

AGH University of Kraków is equipped with a wide range of laboratory equipment that 

allows researchers to measure different characteristics of rock samples. For the present 

research, the following laboratory instruments were used: 

1. Cutting machine 

This machine was used for the initial cutting of large slab of rocks. Figure 5.1 shows 

this machine. The operating procedure involves placing a rock slab in front of the 

machine’s circular blade. Upon activating the motor, the circular blade cuts the rock slab 

into smaller pieces. During the cutting process, water is sprayed onto the blade through 

a nozzle to reduce wear and tear on the blade. 
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Figure 5.1: Cutting machine. 

2. Drilling machine 

In the next step, the smaller rock pieces obtained from the cutting machine are placed 

under the drill bit of the drilling machine to extract cylindrical cores. Figure 5.2 shows 

this drilling machine. The machine can deliver cylindrical rock cores of several 

centimeters in length. In the present research, a 38 mm diameter steel coring bit was used. 

Water was utilized to cool the drill bit during the drilling process as well as reducing the 

wear and tear on the bit. 

 

Figure 5.2: Drilling machine. 
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3. Smoothing machine 

In the subsequent step, the circular cross-sections of the rock cores were smoothed and 

flattened using a smoothing machine to ensure that they were free of any roughness or 

asymmetry. This machine is shown in Figure 5.3. Additionally, using this machine, the 

cores were cut to the desired length along their longitudinal axis.  

 

Figure 5.3: Smoothing machine. 

4. Oven 

After preparing the rock samples to the desired dimensions, the samples were placed 

in an oven to completely dry out any moisture. Figure 5.4 shows the oven used for this 

purpose. For 24 hours, the samples were kept in the oven at 90°C. 

 

Figure 5.4: Oven. 
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5. Balance 

After drying the rock samples in the oven, a balance was used to measure their 

weights. Figure 5.5 shows the balance used.  

 

Figure 5.5: Balance. 

After this stage, the samples were grouped into two categories: the first one, consisting 

of 15 samples, was used for measuring the UCS, cohesion, and internal friction angle of 

Tumlin sandstone. The second group, including 30 samples, was used to measure the 

poro-elastic parameters of the Tumlin sandstone. In what follows, three applied 

laboratory apparatuses used for those purposes are described. 

6. Triaxial compression testing machine 

A triaxial compression testing machine was used for measuring the mechanical 

properties of the first group of rock samples. This machine is shown in Figure 5.6. Using 

this device, the rock’s strength properties, including cohesion, UCS, and internal friction 

angle, were determined.  

 

Figure 5.6: Triaxial compression testing machine. 
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The average UCS of Tumlin sandstone was found to be 42.3 MPa. Additionally, the 

linear Mohr-Coulomb failure criterion was extracted for the rock. The common form of 

this criterion is expressed as follows [1]: 

  𝜏 = 𝐶 + 𝜇𝜎𝑛                                                                (5.1) 

where, τ stands for the shear stress, and 𝐶 represents the rock’s cohesion. Furthermore, 

𝜎𝑛 indicates the normal stress. Moreover, 𝜇 illustrates the internal friction angle 

coefficient, which is defined as [1]: 

𝜇 = tan𝜙                                                                 (5.2) 

Where 𝜙 indicates the internal friction angle of rock. It is also possible to state Eq. (5.1) 

based on the highest and lowest applied stresses at the failure moment, as follows [1]: 

𝜎1 = 𝐶0 + 𝑞𝜎3                                                          (5.3) 

where  𝜎1 represents the axial stress at the failure moment, 𝐶0 represents the rock’s UCS, 

𝜎3 indicates the lateral stress at the failure moment, and 𝑞 is the flow factor which 

depends on 𝜙. The following relations are used to calculate 𝑞 and 𝐶0 as follows [1]: 

𝑞 =
1+sin𝜙

1−sin𝜙
                                                               (5.4) 

𝐶0 = 2𝐶
cos𝜙

1−sin𝜙
                                                            (5.5) 

 

In this research, to obtain the values of 𝑞 and 𝐶0 in the laboratory setting, the triaxial 

experiments were executed on five Tumlin sandstone specimens. The magnitudes of 𝜎3 

and 𝜎1 at the failure moment were recorded. Then, for all samples, the 𝜎1-𝜎3 graph was 

drawn, and the values of 𝑞 and 𝐶0 were computed. 

In the subsequent step, the internal friction angle can be calculated by rearranging Eq. 

(5.4) as follows [1]: 

 𝜙 = Sin−1
(𝑞−1)

(𝑞+1)
                                                               (5.6) 

After calculating 𝜙 from the above equation, the rock’s cohesion was obtained as [1]: 

𝐶 = 𝐶0
(1−𝑠𝑖𝑛𝜙)

2 cos𝜙
                                                            (5.7) 
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Furthermore, the rock’s tensile strength can be determined using the following 

relation: 

𝜎𝑡 = 2𝐶
cos𝜙

1+sin𝜙
                                                            (5.8) 

7. Saturation apparatus 

The second group, consisting of 30 samples, was adopted to determine the poro-elastic 

characteristics of the sandstone. After weighing the dry mass of these 30 samples using 

the balance (Figure 5.5), they were all saturated with water. Figure 5.7 shows the 

saturation device used. The saturation process involved placing the samples inside the 

device's chamber. Then, a vacuum pump was utilized to evacuate the air from the 

chamber. Following this, the water inlet valve was opened, allowing the chamber to fill 

with water. Subsequently, the water pressure inside the chamber was increased using a 

manual lever to ensure complete saturation of the samples. The samples were kept in the 

chamber for 24 hours to achieve full saturation. 

 

Figure 5.7: Saturation apparatus. 

 

8. AVS apparatus  

After saturation, all 30 samples were weighed again, and their porosity and density 

were measured. Each sample was then placed in the AVS apparatus to measure 𝑉𝑠 and 𝑉𝑝 

under varying lateral and axial pressures. Figure 5.8 shows this device.  
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Figure 5.8: AVS apparatus. 

It is worth mentioning that two types of S-wave were propagated in the specimens: 

S1-wave, and S2-wave. When the rock specimen was isotropic, therefore the velocity of 

S1-wave and S2-wave were roughly equal. If those velocities were unequal, it showed 

that there is anisotropy in the specimen structure. Based on the conducted experiments, 

the values of S1-wave and S2-wave were always equal. 

Lateral and axial pressures were applied in intervals of 3.5 MPa, up to a maximum of 

42 MPa. Those experiments were executed under both drained and undrained 

circumstances. Finally, for different lateral and axial pressures, the poro-elastic 

parameters for each sample (and on average for Tumlin sandstone) were measured as 

follows [1]: 

𝜈 =
1

2
−(𝑉𝑠/𝑉𝑝)

2

1−(𝑉𝑠/𝑉𝑝)
2                                                               (5.9) 

𝐸 = 𝜌
𝑉𝑝
2(1+𝜈)(1−2𝜈)

(1−𝜈)
                                                               (5.10) 

𝐾 = 𝜌(𝑉𝑝
2 −

4

3
𝑉𝑠
2)                                                            (5.11) 

𝐺 = 𝜌𝑉𝑠
2                                                              (5.12) 

The above equations were used for calculation of those four poro-elastic parameters 

under both drained and undrained loading circumstances. 

As mentioned earlier, by AVS laboratory tests, the dynamic poro-elastic properties of 

Tumlin sandstone were measured for different confining pressures. Incorporating the 

confining pressure effects on the rock strength characteristics provides more accurate 

results than elastic models and poro-elastic models in which the rock strength 



58 
 

characteristics are presumed consistent and independent of confining pressure [20, 24]. 

Santarelli et al. stated that the rocks’ elastic moduli change with confining pressure [20]. 

It is an accepted general rule that the ultimate failure of rock directly depends on the 

effective confining stress. In better words, the plastic deformation of the rock is prevented 

due to the presence of hydrostatic compression.  

 

5.2. Numerical part 

The second part of the methodology involved performing numerical simulations to 

analyze the impact of the rock's dynamic poro-elastic properties on wellbore stability. 

The FLAC3D software was used to conduct the numerical simulations. The software was 

licensed for one year through the Itasca Educational Partnership (IEP) Research Program, 

provided by the manufacturing company, Itasca Consulting Group. 

In this step, an appropriate geometric mesh was first constructed in FLAC3D. The 

mesh was cubic in shape, encompassing a wellbore with a radius of 0.1 m located 

precisely in the middle of the model. After constructing the preliminary mesh, the 

loading conditions applied during the laboratory tests were simulated through numerical 

models. For this purpose, various numerical models were created with loading boundary 

conditions corresponding to the hydrostatic stresses previously applied to the samples. 

Each of these loading conditions represented the placement of the rock at different 

depths. In each of these models, the mechanical, physical, and dynamic poro-elastic 

properties of the samples were input as functions of the applied lateral and axial 

pressures. 

Finally, after drilling the wellbore in the models, the instability of the rock around the 

wellbore was examined. The impact of rock's dynamic poro-elastic properties on 

wellbore stability was considered in two scenarios: (1) at the precise moment of drilling 

initiation, when the rock around the wellbore is under undrained behavior, which can 

also represent a scenario where no fluid penetration into the rock occurs, and (2) during 

the transition from undrained to drained behavior, when fluid begins to penetrate the 

rock surrounding the wellbore. 

Ultimately, the wellbore instability in both scenarios (1 and 2) was assessed using the 

safety factor mentioned in Eq. (3.1). Additionally, a parametric study was executed to 

assess and analyze the impact of each poro-elastic property on wellbore stability. 
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Chapter 6: Laboratory Research 
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6.1. Compression tests 

When a poro-elastic object is suddenly subjected to an external stress, at 𝑡 = 0+ (instant 

of loading), the loading condition is undrained, and the behavior of the object is elastic. 

Similarly, at the start of drilling (𝑡 = 0+), the rock has an elastic behavior [99]. After 𝑡 =

0+, the rock behavior transforms from elastic to poro-elastic state.  

As mentioned in the previous chapter, 45 Tumlin sandstone specimens were prepared 

to conduct laboratory tests. The first group of samples consisted of 15 specimens which 

were utilized for measurement of rock’s mechanical characteristics. The mechanical 

characteristics of those specimens were measured by the triaxial compression testing 

machine. The machine was a product of MATEST, an Italian company situated in Arcore, 

Italy. This apparatus was equipped with the Servo-Plus Evolution load measuring 

system. The device was deployed to measure the rock's strength features, such as UCS, 

cohesion, as well as internal friction angle. Following this, the linear failure criterion for 

Tumlin sandstone was extracted. The measurements achieved by triaxial compression 

testing machine are elaborated below. 

Of the 15 samples selected to measure the rock’s mechanical characteristics, 10 were 

used for measuring the rock’s UCS, and 5 were deployed to determine the rock’s cohesion 

along with internal friction angle. Figure 6.1 illustrates those samples. The diameter of all 

samples was 38 millimeters with the ratio of length to diameter equal to 2.  

  

Figure 6.1: left) ten samples for measurement of rock’s UCS; right) five samples for 

measurement of cohesion an internal friction angel of rock. 

After conducting uniaxial tests on the first 10 samples, the average UCS of the rock 

was found to be 42.3 MPa. Table 6.1 summarizes the relevant data from these tests. 
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Table 6.1. Data of UCS measurement tests. 

Sample Code Dry Mass (g) Diameter (mm) UCS (MPa) 

R1 102.95 38 42.3 

R2 101.25 38 43.3 

R3 100.41 38 44.5 

R4 100.65 38 43.1 

R5 100.88 38 42.1 

R6 94.56 38 40.1 

R7 99.64 38 44.0 

R8 104.22 38 42.5 

R9 105.68 38 40.8 

R10 93.48 38 40.2 

 

Then, triaxial experiments were performed on the remaining 5 specimens. For this 

purpose, each sample was placed inside a loading cell, and both axial (𝜎1) and lateral (𝜎3) 

pressures were increased to a specified level. The lateral pressure was then held 

unchanged while the axial pressure was raised till the sandstone specimen was broken. 

Table 6.2 presents the characteristics of the corresponding samples along with the values 

of the lateral and axial stresses at the failure moment. 

Table 6.2. Triaxial tests data. 

Sample Code Diameter (mm) 𝜎3 (MPa) 𝜎1 (MPa) 

R11 38 1 46 

R12 38 2 56 

R13 38 3 65 

R14 38 4 64 

R15 38 5 78 

 

 

The Mohr-Coulomb failure criterion relationship obtained for the rock samples is 

illustrated in Figure 6.2 and is expressed as follows: 

𝜎1 = 40.2 + 7.2 𝜎3                                                          (6.1) 

The coefficient of determination of Eq. (6.1) is 0.92, indicating that the derived 

relationship has a high level of accuracy. 
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Figure 6.2: Mohr-Coulomb failure graph for sandstone samples. 

 

By comparing Eq. (6.1) with Eq. (5.3), it can be deduced that 𝐶0 = 40.2, and 𝑞 = 7.2. It 

is noteworthy that the value of 𝐶0 is close to the average UCS measured through uni-axial 

UCS tests.  

Then, using Eq. (5.6) and Eq. (5.7), the values of 𝜙 and 𝐶 are calculated as 49.11°, and 

7.49 MPa, respectively. 

Additionally, using Eq. (5.8), the rock’s tensile strength is calculated as 5.59 MPa. 
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6.2. AVS tests 

The second group, consisting of 30 samples, was used for measurement of poro-elastic 

parameters of Tumlin sandstone specimens. The corresponding samples are illustrated in 

Figure 6.3. Those samples, firstly, were fully saturated with water. Afterward, the 

physical characteristics of them were determined in the laboratory. Table 6.3 presents the 

summary of the measured physical properties. The average density and porosity of the 

specimens was determined as 2530 kg/m³ and 15.70%, respectively. 

  

Figure 6.3: thirty samples utilized for measurement of poro-elastic parameters of rock. 
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Table 6.3. Physical properties of 30 sandstone samples used for AVS tests. 

Sample Code Dry Mass (g) Diameter (mm) Density (kg/m3) Porosity (%) 

S1 97.58 38 2.49 15.54 

S2 99.94 38 2.48 16.50 

S3 97.00 38 2.54 15.68 

S4 99.24 38 2.53 16.71 

S5 99.90 38 2.48 16.40 

S6 100.38 38 2.59 15.51 

S7 97.45 38 2.54 15.35 

S8 98.20 38 2.47 15.52 

S9 97.30 38 2.47 15.19 

S10 99.05 38 2.52 15.38 

S11 97.55 38 2.55 15.55 

S12 101.00 38 2.56 15.06 

S13 91.27 38 2.52 15.86 

S14 99.12 38 2.54 15.05 

S15 104.77 38 2.53 15.98 

S16 104.84 38 2.53 15.00 

S17 108.44 38 2.53 15.15 

S18 112.14 38 2.54 15.21 

S19 104.76 38 2.53 14.89 

S20 100.21 38 2.57 16.98 

S21 102.31 38 2.51 16.27 

S22 101.98 38 2.48 14.57 

S23 98.47 38 2.56 17.28 

S24 100.37 38 2.56 15.62 

S25 99.24 38 2.63 16.67 

S26 104.94 38 2.54 15.12 

S27 103.50 38 2.57 16.40 

S28 103.18 38 2.58 16.01 

S29 98.38 38 2.51 15.54 

S30 99.97 38 2.47 15.02 

 

Then, the conduction of AVS experiments started. The AVS tests were executed under 

two loading circumstances: undrained and drained. In other words, the poro-elastic 

properties of each saturated rock sample were measured under both conditions. The 
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objective was to calculate poro-elastic parameters consisting of shear modulus, Poisson's 

ratio, bulk modulus, and Young's modulus under both conditions. Those parameters 

were necessary for determining other poro-elastic properties including Biot’s coefficient, 

Skempton’s coefficient, Biot modulus, as well as the unconstrained specific storage 

coefficient.  

The procedure of conducting AVS tests under both undrained and drained loading 

conditions is explained below. The obtained results also are provided. It should be noted 

1. Since the magnitudes of axial and radial pressures were equal, the term ‘hydrostatic 

stress’ is used hereafter. All experiments adhered to a hydrostatic stress level up to 42 

MPa (the rock’s UCS value). Preserving the hydrostatic stress below the UCS value 

guaranteed that failure does not occur in the samples during the loading condition. 

 

6.2.1. Undrained conditions 

The primary principle for undrained loading condition is that the change in the pore 

fluid mass during the test must be zero. In other words, no fluid flows out or enters the 

sandstone specimen. In all tests, the pore fluid was water. The procedure of undrained 

tests for all samples was as follows: 

1. Placing the rock sample into the coreholder while the valves controlling the water 

were fully closed for keeping undrained conditions. 

2. Propagating acoustic waves through the rock sample.  

3. Incrementally increasing the hydrostatic stress using a hand pump at consistent 

intervals nearly equal to 3.50 MPa. Twelve loading intervals were used for each 

sample. The applied loading hydrostatic stress in those intervals was 3.52, 6.99, 10.61, 

13.84, 17.47, 20.82, 24.17, 27.70, 31.20, 34.67, 38.14, and 41.59 MPa. 

4. Recording the flight time and velocity of the propagated acoustic waves in each 

loading interval. Furthermore, the corresponding hydrostatic stress and pore fluid 

pressure were measured. 

5. Lastly, four undrained poro-elastic parameters including 𝐾𝑢, 𝐺𝑢, 𝑣𝑢, and 𝐸𝑢 were 

calculated using Eqs. (5.9-5.12). 

Appendix 1 summarizes the results of undrained tests for all 30 samples. Table 6.4 

shows the average calculated results for those samples in different loading intervals. 
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Table 6.4. The average measured parameters for 30 samples in different hydrostatic stress levels (undrained condition). 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.4 66.1 66.1 3751 1438 1438 0.414 14.79 28.63 5.23 

2 7.0 6.9 32.4 65.9 65.9 3820 1448 1447 0.416 15.02 29.86 5.30 

3 10.5 10.3 32.4 65.7 65.7 3887 1457 1457 0.418 15.23 31.08 5.37 

4 13.9 13.6 32.4 65.5 65.5 3961 1468 1468 0.420 15.48 32.44 5.45 

5 17.5 17.0 32.4 65.4 65.4 4025 1475 1475 0.422 15.66 33.68 5.51 

6 20.8 20.2 32.4 65.1 65.1 4112 1488 1488 0.424 15.96 35.37 5.60 

7 24.2 23.4 32.4 65.1 65.1 4112 1488 1488 0.424 15.96 35.37 5.60 

8 27.7 26.8 32.4 65.1 65.1 4112 1488 1488 0.424 15.96 35.37 5.60 

9 31.2 30.1 32.4 65.1 65.1 4112 1488 1488 0.424 15.96 35.37 5.60 

10 34.6 33.3 32.4 65.1 65.1 4112 1488 1488 0.424 15.96 35.37 5.60 

11 38.1 36.5 32.4 65.1 65.1 4112 1488 1488 0.424 15.96 35.37 5.60 

12 41.6 39.7 32.3 65.1 65.1 4112 1488 1488 0.424 15.96 35.37 5.60 
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Based on Table 6.4, it can be observed that as hydrostatic stress increases, the values of 

four measured undrained poro-elastic parameters change. Figure 6.4 illustrates the trend 

of changes in those parameters with hydrostatic stress for Tumlin sandstone. The 

following empirical correlations were extracted between those poro-elastic parameters 

and hydrostatic stress:  

𝐾𝑢 = 3.1787 𝑙𝑛(𝑃𝑐) + 24.35                                                   (6.2) 

𝐸𝑢 = 0.5484 𝑙𝑛(𝑃𝑐) + 14.06                                                   (6.3) 

𝑣𝑢 = 0.0048 𝑙𝑛(𝑃𝑐) + 0.40                                                     (6.4) 

𝐺𝑢 = 0.1749 𝑙𝑛(𝑃𝑐) + 4.99                                                     (6.5) 

In all above equations, 𝑃𝑐 (MPa) denotes the applied hydrostatic stress. Additionally, the 

correlation coefficient for all above equations is equal to or higher than 0.92, which 

demonstrates a strong fit between the undrained poro-elastic parameters and hydrostatic 

stress. 

Figure 6.4 exhibits that among the poro-elastic parameters, Poisson's ratio (dashed 

line) exhibits the least variation with increasing hydrostatic stress. In contrast, the 

undrained bulk modulus shows the highest changes with increasing hydrostatic stress. 

Additionally, the figure indicates that for hydrostatic stresses below 21 MPa, the increase 

in undrained poro-elastic parameters is progressive. However, when the hydrostatic 

stress exceeds 21 MPa, those poro-elastic parameters do not change significantly. 

Therefore, when hydrostatic stress is below half of rock's UCS, the four undrained poro-

elastic parameters have a direct relationship with hydrostatic stress. Conversely, if 

hydrostatic stress exceeds 21 MPa, a further increase in hydrostatic stress does not have 

a remarkable impact on those poro-elastic parameters. Hence, from this important point, 

it can be deduced that hydrostatic stress influences those four undrained poro-elastic 

properties only up to a certain threshold. 
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Figure 6.4: The empirical correlations formulating 𝐾𝑢, 𝐺𝑢, 𝑣𝑢, and 𝐸𝑢 as a function of hydrostatic 

stress for Tumlin sandstone samples. 

Another key point, that can be inferred from Table 6.4, is that as hydrostatic stress 

increases, the pore pressure also increases correspondingly. However, it can be observed 

that as hydrostatic stress continues to rise, the discrepancy between the magnitude of 

hydrostatic stress and pore pressure becomes larger. This phenomenon is illustrated 

through Figure 6.5; the bar chart demonstrates the discrepancy between the hydrostatic 

stress and pore fluid pressure, i.e. 𝑃𝐶 − 𝑝, for different loading intervals. For Interval 12, 

the differential pressure nearly amounts to 2 MPa, meaning that the pore pressure bears 

a less percentage of the confining pressure. 
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Figure 6.5: The discrepancy between the hydrostatic stress and the measured pore pressure 

under different loading intervals. 

 

The above-mentioned discrepancy may be also illustrated using the parameter of 

Skempton’s coefficient. Figure 6.6 illustrates the variation of Skempton’s coefficient with 

hydrostatic stress. The underlying empirical correlation relates the Skempton’s coefficient 

to hydrostatic stress as follows: 

𝐵 = −0.0016 𝑙𝑛(𝑃𝑐) + 0.99                                                   (6.6) 

The correlation coefficient for the above correlation is 0.98, demonstrating the close 

agreement between the variables. The Skempton’s coefficient values shown in Figure 6.6 

were used for numerical modeling, which will be explained in the next chapter. 
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Figure 6.6: The variation of Skempton’s coefficient with hydrostatic stress. 

 

6.2.2. Drained Conditions 

To satisfy drained loading conditions, it is only necessary to keep the inlet and outlet 

valves of the loading chamber open while applying hydrostatic stress, allowing the water 

within the rock sample to easily exit. Therefore, in the next phase, drained experiments 

were performed for all 30 previous sandstone specimens, and thus, those drained poro-

elastic parameters were measured. The procedure for the drained tests was the same as 

for the undrained loading tests; however, the only difference was that the pore water was 

allowed to escape from the rock samples during applying the hydrostatic stress.  

The drained tests were also performed in 12 loading intervals. Finally, four drained 

poro-elastic parameters were determined for each rock specimen using Eqs. (5.9-5.12). 

Appendix 2 illustrates the entire drained measurements for all 30 samples. Table 6.5 

also shows the average calculated results for those samples in different loading intervals.  
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Table 6.5. The average measured parameters for 30 samples in different hydrostatic stress levels (drained condition). 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

V E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.2 63.5 63.5 2793 1577 1577 0.266 15.93 11.35 6.29 

2 7.0 0.1 35.7 63.3 63.3 2887 1591 1591 0.282 16.42 12.55 6.41 

3 10.6 0.1 35.3 63.0 63.0 2979 1612 1612 0.293 17.01 13.69 6.58 

4 13.8 0.1 35.0 62.8 62.8 3054 1625 1624 0.302 17.40 14.70 6.68 

5 17.5 0.1 34.7 62.7 62.7 3121 1632 1631 0.312 17.67 15.68 6.74 

6 20.8 0.1 34.4 62.5 62.5 3196 1641 1641 0.320 18.00 16.78 6.82 

7 24.2 0.1 34.3 62.5 62.5 3210 1644 1644 0.321 18.08 16.97 6.84 

8 27.7 0.1 34.2 62.4 62.4 3227 1647 1647 0.323 18.16 17.22 6.86 

9 31.2 0.1 34.2 62.4 62.4 3242 1648 1648 0.325 18.22 17.44 6.88 

10 34.7 0.1 34.1 62.3 62.3 3263 1652 1652 0.327 18.33 17.76 6.91 

11 38.1 0.1 34.0 62.3 62.3 3279 1656 1656 0.328 18.43 17.99 6.94 

12 41.6 0.1 34.0 62.3 62.3 3293 1658 1658 0.330 18.50 18.20 6.96 
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According to Table 6.5, it can be observed that during the drained loading tests, the 

pore pressure was kept constant (around ambient pressure). Furthermore, as hydrostatic 

stress increases, the drained poro-elastic parameters including 𝐾, 𝐺, 𝑣, and 𝐸 change. 

Figure 6.7 depicts the trend of corresponding changes in drained poro-elastic parameters 

with hydrostatic stress for sandstone samples. The underlying empirical correlations 

were established between those drained poro-elastic parameters and hydrostatic stress: 

𝐾 = 3.0126 𝑙𝑛(𝑃𝑐) + 7.08                                                     (6.7) 

𝐸 = 1.1011 𝑙𝑛(𝑃𝑐) + 14.47                                                   (6.8) 

𝑣 = 0.0274 𝑙𝑛(𝑃𝑐) + 0.23                                                      (6.9) 

𝐺 = 0.2827 𝑙𝑛(𝑃𝑐) + 5.91                                                   (6.10) 

where, 𝑃𝑐 (MPa) represents the applied hydrostatic stress. In addition, the correlation 

coefficient for all above correlations is equal or larger than 0.98 which illustrates the close 

agreement between the drained poro-elastic parameters and hydrostatic stress. 
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Figure 6.7: The empirical correlations formulating 𝐾, 𝐺, 𝑣, and 𝐸  as a function of hydrostatic 

stress for Tumlin sandstone samples. 

Among those four drained parameters, the drained shear modulus shows the least 

variation with hydrostatic stress, while the drained bulk modulus exhibits the most 

significant changes. 

Figure 6.7 also shows that for hydrostatic stresses below 21 MPa, the increase in four 

drained poro-elastic parameters is progressive. However, when hydrostatic stress 

exceeds 21 MPa, the values of the poro-elastic parameters remain relatively consistent. 

Therefore, like undrained condition, when hydrostatic stress is below half of UCS, the 

four drained poro-elastic parameters have a direct relationship with hydrostatic stress. 

On the other hand, if hydrostatic stress surpasses 21 MPa, further increases in stress do 

not lead to a significant increase in those poro-elastic parameters. Thus, it can be inferred 

that, under drained conditions, the hydrostatic stress impacts on those four drained poro-

elastic properties only up to a certain threshold. 
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So far, for both loading circumstances, the measurement procedure of four aforesaid 

poro-elastic parameters has been described. Additionally, Skempton’s coefficient was 

correlated with hydrostatic stress.  

Next, other poro-elastic parameters consisting of α, M, and 𝑆𝜎 can be calculated. To 

achieve this, those parameters were calculated for 12 intervals of hydrostatic stress using 

Eq. (2.18), Eq. (2.35), and Eq. (2.37) from Chapter 2. Table 6.6 presents the calculated 

values of those parameters. 

Table 6.6. Calculated values for Biot’s coefficient, Biot’s modulus, and unconstrained specific 

storage coefficient for different hydrostatic stress levels. 

Interval number Hydrostatic stress (MPa) α M (GPa) 𝑆𝜎 ((GPa)-1) 

1 3.5 0.61 46.44 0.0404 

2 7.0 0.59 49.73 0.0366 

3 10.6 0.57 53.51 0.0332 

4 13.8 0.56 56.58 0.0310 

5 17.5 0.56 57.41 0.0301 

6 20.8 0.55 61.45 0.0280 

7 24.2 0.54 63.07 0.0270 

8 27.7 0.54 62.23 0.0271 

9 31.2 0.54 61.46 0.0272 

10 34.7 0.53 62.69 0.0264 

11 38.1 0.53 61.86 0.0265 

12 41.6 0.53 61.12 0.0266 

 

Based on Table 6.6, the empirical correlation between each of poro-elastic parameters 

including α, M, and 𝑆𝜎, and hydrostatic stress was determined.  

Figure 6.8 illustrates the variation of Biot’s coefficient with hydrostatic stress. It reveals 

that α declines logarithmically as hydrostatic stress increases. The mathematical form of 

this relationship is: 

𝛼 = −0.034 𝑙𝑛(𝑃𝑐) + 0.65                                                   (6.11) 

Here, 𝛼 represents the Biot’s coefficient, while 𝑃𝑐 (MPa) denotes the applied hydrostatic 

stress. Additionally, correlation coefficient for this relation is 0.98, which is an indicator 

of a strong fit between the variables. Furthermore, Biot’s coefficient ranged between 0.53 

and 0.61. Figure 6.8 also illustrates the reduction of α as the hydrostatic stress increases. 
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The values of α shown in Figure 6.8 were used for various hydrostatic stress levels in the 

numerical simulation presented in the next chapter. 

 

Figure 6.8: Empirical correlation between Biot’s coefficient and hydrostatic stress. 

 

The variation of Biot modulus with hydrostatic stress has been depicted in Figure 6.9. 

It demonstrates that Biot modulus increases logarithmically as hydrostatic stress rises. 

The corresponding empirical relationship is: 

𝑀 = 7.061 𝑙𝑛(𝑃𝑐)  +  37.56                                                   (6.12) 

where 𝑀 denotes the Biot modulus. The coefficient of determination for this relationship 

is 0.91 which exhibits a strong correlation between the variables. The values of Biot 

modulus presented in Figure 6.9 were applied to different hydrostatic stress levels in the 

numerical simulation discussed in the next chapter. 
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Figure 6.9: Empirical correlation between Biot modulus and hydrostatic stress. 

Figure 6.10 depicts the relation between the unconstrained specific storage coefficient 

and hydrostatic stress. It shows a logarithmic decrease in the unconstrained specific 

storage coefficient as hydrostatic stress rises. The corresponding empirical correlation is: 

𝑆𝜎  = −0.011 𝑙𝑛(𝑃𝑐) + 0.06                                                   (6.13) 

where 𝑆𝜎 represents the unconstrained specific storage coefficient. The coefficient of 

determination for this relationship is 0.97 which indicates a strong correlation between 

the unconstrained specific storage coefficient and hydrostatic stress.  

 

Figure 6.10:  Empirical correlation between unconstrained specific storage coefficient and 

hydrostatic stress. 
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6.2.3 Discussion on the laboratory results 

The AVS tests demonstrated that the values of four poro-elastic characteristics of 

Poisson’s ratio, Young’s modulus, bulk modulus, as well as shear modulus depend on 

the level of hydrostatic stress, the rock’s UCS, and the loading conditions (drained or 

undrained). Figure 6.11 shows this phenomenon.   

 

  

Figure 6.11. The variation of Young's modulus, Poisson's ratio, bulk modulus, and shear 

modulus with hydrostatic stress under drained to an undrained condition. 
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1. For hydrostatic stresses less than half of rock’s UCS, the differences between the poro-

elastic parameters in drained and undrained conditions tend to increase in a linear 

and progressive manner. This highlights that as hydrostatic stress increases up to this 

threshold, the rock's behavior changes more predictably, with steady variations in 

mechanical properties. This can be important for drilling operations, as it allows for 

better planning and anticipation of how the rock will behave under various stresses. 

2. Furthermore, under lower hydrostatic stress, the rock exhibits more elastic behavior, 

which means that the poro-elastic parameters change more uniformly between 

drained and undrained states. The differences in these parameters are more 

significant, indicating that the transition to undrained conditions has a more 

substantial effect when the stress is relatively low. 

3. When hydrostatic stress exceeds half of rock’s UCS, the differences between the poro-

elastic parameters in drained and undrained conditions become less significant. This 

non-linear behavior indicates that the rock's response to stress is less sensitive to 

changes in hydrostatic pressure once it crosses the 21 MPa threshold. 

4. In high-stress environments, the reduced differences in mechanical properties 

between drained and undrained conditions imply that the rock's behavior becomes 

more uniform. This could mean that in deeper drilling depths, the rock might be less 

prone to unexpected changes in deformation characteristics, which could be beneficial 

for maintaining wellbore stability. 

5. The 21 MPa hydrostatic stress level acts as a critical threshold where the rock’s 

behavior changes from being more elastic and responsive to stress (below 21 MPa) to 

being more stable and less sensitive to further stress increases (above 21 MPa). This 

threshold likely corresponds to a transition in the rock's internal structure or pore 

pressure distribution, impacting how it handles additional stress. 

Furthermore, comparison of poro-elastic coefficients in drained and undrained 

conditions can serve as a valuable benchmark for assessing the rock's response during 

the initiation of drilling operations, where the rock's behavior shifts from a drained state 

to an undrained state. Table 6.7 illustrates the differences in four poro-elastic parameters, 

including shear modulus, Young's modulus, Poisson's ratio, and bulk modulus, as the 

loading conditions shifts to undrained state. To provide a clearer understanding, this data 

is also presented as a box plot in Figure 6.12. The given box plot exhibits the distribution 

and variability of each poro-elastic parameter without the influence of hydrostatic stress. 
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Table 6.7. The difference in shear modulus, Young's modulus, Poisson's ratio, and bulk modulus, 

as the rock goes under undrained condition. 

Interval number Hydrostatic stress (MPa) 𝑣𝑢 − 𝑣 
𝐸𝑢 − 𝐸 

(GPa) 

𝐾𝑢 − 𝐾 

(GPa) 

𝐺𝑢 − 𝐺 

(GPa) 

1 3.5 0.148 -1.145 17.280 -1.065 

2 7.0 0.134 -1.406 17.310 -1.105 

3 10.6 0.126 -1.775 17.385 -1.208 

4 13.8 0.118 -1.913 17.744 -1.229 

5 17.5 0.111 -2.010 18.003 -1.231 

6 20.8 0.104 -2.042 18.589 -1.214 

7 24.2 0.103 -2.121 18.392 -1.238 

8 27.7 0.101 -2.205 18.146 -1.261 

9 31.2 0.099 -2.261 17.921 -1.273 

10 34.7 0.097 -2.370 17.610 -1.304 

11 38.1 0.096 -2.467 17.378 -1.333 

12 41.6 0.095 -2.542 17.170 -1.355 

 

 

Figure 6.12. The distribution of the poro-elastic parameters differences in drained and undrained 

conditions. 
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According to the Table 6.7 and Figure 6.12, the following results can be deduced: 

1) As the loading shifts to undrained conditions, Poisson's ratio increases. This suggests 

that the rock becomes more incompressible in the undrained state, leading to a higher 

lateral strain relative to axial strain. This behavior could indicate that the rock may 

exhibit more lateral expansion during drilling, potentially increasing the risk of 

borehole instability or wellbore enlargement. 

2) The decrease in Young's modulus under undrained conditions means the rock 

becomes less stiff when it undergoes the undrained loading conditions. This reduction 

in stiffness implies that the rock will deform more under the same applied stress, 

which can lead to increased drilling-induced damage, such as fractures or wellbore 

collapse, especially if the rock is unable to support the loads imposed by the drilling 

equipment. 

3) The differences in bulk modulus are much larger than those for other properties, with 

a median value around 17.5 GPa. The bulk modulus shows the greatest sensitivity 

and variability, indicating that it undergoes the most significant changes relative to 

other poro-elastic parameters when the loading conditions shifts to undrained 

conditions. 

4) The shear modulus decreases under undrained conditions, indicating a reduction in 

the rock's resistance to shear deformation. This could mean that the rock is more prone 

to shear failure or deformation during drilling, leading to problems such as wellbore 

instability. 

The experimental results also indicate significant variations in Biot's coefficient, Biot 

modulus, and unconstrained specific storage coefficient under different hydrostatic stress 

levels. As hydrostatic stress increases, Biot's coefficient decreases logarithmically, 

suggesting a reduced pore fluid pressure impact on the effective stress. Conversely, Biot 

modulus increases, implying that the rock becomes less compressible as stress levels rise. 

Additionally, the unconstrained specific storage coefficient decreases, indicating a lower 

capacity for fluid storage under higher stress. 

On the other side, the experimental results highlight distinct behaviors in these three 

properties under hydrostatic stress levels below and above 21 MPa. Based on these results 

the following results can be stated: 

1) When hydrostatic stress is less than 21 MPa, Biot's coefficient is relatively higher, 

ranging between 0.56 and 0.61, and decreases as stress increases. This trend indicates 
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that the sandstone formation is more responsive to pore pressure alterations, 

potentially leading to greater wellbore instability issues if not carefully managed. 

Additionally, the unconstrained specific storage coefficient is higher, suggesting a 

greater fluid storage capacity, which could contribute to pore pressure buildup and 

potential wellbore failure if drilling pressures are not adequately controlled. 

2) At hydrostatic stress levels exceeding 21 MPa, the Biot's coefficient stabilizes around 

0.53-0.54, and the Biot modulus increases significantly, indicating that the rock 

becomes stiffer and less susceptible to pore pressure fluctuations. The reduced 

unconstrained specific storage coefficient suggests lower fluid storage capacity, 

potentially reducing the risk of pore pressure-induced wellbore collapse. However, 

the increased stiffness could lead to a more brittle rock response, raising concerns 

about the risk of fracturing during drilling. 

Overall, according to the observed trends of different poro-elastic parameters during 

the laboratory tests, it can be expressed that at the start of the drilling phase (transition to 

undrained conditions) the Tumlin sandstone rock will behave more plastically and 

exhibit less stiffness and greater deformation. This can complicate drilling operations by 

increasing the likelihood of wellbore instability, requiring careful management of drilling 

pressures and mud properties to prevent mechanical failures. The increase in Poisson's 

ratio, as well as the reduction in Young's and shear moduli, highlights the need for 

appropriate drilling strategies, such as controlled drilling rates and mud pressures, to 

mitigate the risks associated with undrained conditions. 

Furthermore, wellbore stability in the Tumlin sandstone formation requires careful 

consideration of hydrostatic stress levels. Below 21 MPa, managing pore pressure is 

critical to prevent wellbore instability, while above 21 MPa, attention should be given to 

controlling drilling pressures to avoid fracturing in a stiffer, less responsive rock. 
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Chapter 7: Numerical simulation 
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7.1. Problem statement 

In this research, the numerical simulations were performed via FLAC3D software, 

which is widely used in geomechanics, rock mechanics, and soil mechanics.  

The software has the capability to simulate fluid-rock interaction problems. In fact, it 

simply entitles the users to perform a fully hydro-mechanical coupled analysis 

computing rock deformations and fluid flow in rocks. In FLAC3D, a fully hydro-

mechanical coupling occurs in two ways: pore pressure change causes volumetric strains, 

and reversely, the resulting strains change the pore pressure. 

In this research, a one-year license FLAC3D software was utilized. The software 

developer company, known as Itasca Consulting Group, provided this license under the 

Itasca Education Partnership (IEP) program.  

In the relevant literature, previous investigations have shown that the rocks’ strength 

properties depend on the confining pressure [20]. In the current research, the AVS tests 

conducted confirm those statements. In fact, the AVS tests exhibited that poro-elastic 

parameters of Tumlin sandstone specimens were directly dependent on the level of 

hydrostatic stress.  

During the AVS tests, when the hydrostatic stress was below half of the UCS, the poro-

elastic parameters of the rock increased remarkably. However, after proceeding the 

hydrostatic stress more than this threshold, the changes in poro-elastic parameters were 

noticeably reduced. The corresponding diagrams were illustrated in the previous 

chapter. 

To create accurate numerical models the problem conditions must be simulated 

properly. Thus, it was attempted to create numerical models exactly compatible with the 

conducted AVS experiments. During the AVS tests, the loading conditions were changed 

by altering the hydrostatic stress which was subjected to the rock samples in both axial 

and radial directions. Hence, in this research, those loading conditions were simulated in 

numerical models.  

In the laboratory setting, the AVS experiments were executed in both undrained and 

drained conditions. During those tests, the hydrostatic stress increased incrementally 

from 0 to 42 MPa. The increment was 3.5 MPa. 
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To numerically simulate the above-mentioned loading conditions, the following 

scheme was devised. Consider the Tumlin sandstone layer stretching from the surface 

down to the depth of 1700 meters (Figure 7.1). A vertical well is drilled from the top to 

the base of the layer. 

 

Figure 7.1. The Tumlin sandstone layer modeled in FLAC3D. 

For any arbitrary rock element in the sandstone layer, the vertical stress is equivalent 

to the overburden weight which can be calculated using the underlying equation: 

𝜎𝑧 = 𝜌. 𝑔. 𝑧                                                                             (7.1) 

where, 𝜎𝑧 represents the vertical stress (overburden weight), 𝜌 represents the sandstone 

density, and 𝑔 is gravitational acceleration. Furthermore, 𝑧 stands for depth. For the 

sandstone layer, 𝜌 was experimentally measured as 2530 kg/m3. Moreover, 𝑔 is assumed 

as 9.81 m/s2. As the depth escalates, the vertical stress heightens too. The vertical stress 

acting on the sandstone layer can be considered as the axial pressure applied on the 
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sandstone specimens during the AVS laboratory experiments. To find the depths 

equivalent to the applied axial pressures on the sandstone specimens, Eq. (7.1) was solved 

for 𝑧, as: 

𝑧 = (𝜌. 𝑔)/𝜎𝑧                                                                             (7.2) 

The above equation was utilized to find the equivalent depths by specifying the 

laboratory axial pressure values to 𝜎𝑧 . Table 7.1 shows the corresponding equivalent 

depths. 

Table 7.1: The depths equivalent to the applied axial pressures in laboratory. 

Depth Equivalent depth (m) Laboratory axial Pressure (MPa) 

Z1 142 3.5 

Z2 282 7.0 

Z3 427 10.6 

Z4 558 13.8 

Z5 704 17.5 

Z6 839 20.8 

Z7 974 24.2 

Z8 1116 27.7 

Z9 1257 31.2 

Z10 1397 34.7 

Z11 1537 38.1 

Z12 1676 41.6 

 

Since, during applying the hydrostatic stress, the axial pressure along with confining 

pressure were always identical, the horizontal stresses applied to the numerical models 

were specified as same as the vertical stresses.  

The sketch of sandstone layer shown in Figure 7.1 entitles us to accurately simulate the 

laboratory loading conditions. Based on Table 7.1, 12 numerical models representing the 

sandstone rock in different depths, i.e. Z1, Z2, Z3, …., Z12, were generated. The in-situ 

stresses applying on each case were equal to the hydrostatic stress. 

 

 

 

 



86 
 

7.2. Model set up 

Figure 7.2 illustrates the different stages performed in FLAC3D software for numerical 

simulation. The first step is to set up an appropriate model for the problem.  

 

Figure 7.2. Different stages of numerical simulation in FLAC3D. 

 



87 
 

The model set up task was initiated by generating a cubic-shape mesh. Figure 7.3 

demonstrates the corresponding mesh. The length, height, and width of the mesh were 

equal to 10 meters. Moreover, in the center of the mesh, a fine-mesh cylinder with radius 

of 10 cm was generated to represent the wellbore. The generated mesh was utilized for 

all twelve numerical models. 

  

Figure 7.3. Mesh geometry for numerical modeling. 

 

In FLAC3D software, the user can specify any name to a group of specific elements; 

hence, the central cylindrical mesh was named as “well” group. The “well” group was 10 

cm in radius and 5 m in height. Figure 7.4 depicts the geometry of “well” group in the 

model. 

Moreover, for precise prediction of displacements around the wellbore, the 

surrounding elements were defined with a small size. Those elements were specified to a 

distinct group named “wall”. In fact, the “wall” group was an annuals space surrounding 

the “well” group. The thickness and length of the annual space was 10 cm and 5 cm, 

respectively. In Figure 7.4, the “wall” group can be seen. The “wall” group represents the 

rock elements directly around the wellbore. The well and wall groups were fine-mesh. 

Modelling the well and wall with fine elements increases the running time of the 

numerical simulation. Having said this, it contributes to calculate the deformations and 

stresses more precisely. 
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After performing the numerical simulations, the drilling-induced deformations and 

stresses in the “wall” elements were analyzed. Through this, the stability of the wellbore 

wall was assessed.  

  

Figure 7.4. The geometry of “well” and “wall” groups in the initial generated model. 

The second step of model set up was to define a constitutive behavior for the Tumlin 

sandstone rock. The constitutive behavior of sandstone was specified as the relation 

mentioned in Eq. 6.1.   

After specifying the failure criterion, the different characteristics of Tumlin sandstone 

were assigned to the model. Since twelve models were created for different depths, and 

the rock characteristics were dependent to the drilling depth (hydrostatic stress), the 

applied rock properties will be presented in subsequent sections in where the numerical 

simulation of each model is elaborated. 

After assigning the rock properties to each model, the boundary and initial constraints 

were defined. Thus, the model’s boundaries were fixed. The initial conditions including 

the nodes’ velocities and displacements were defined as zero, and the gravitational 

acceleration was assumed as 9.81 m/s2. 
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7.3. Running the numerical models 

Twelve numerical models representing different depths of Z1, Z2, Z3, …, and Z12 were 

created. The models’ elements included the Tumlin sandstone rock and water (as pore 

fluid). In all models, the mesh geometry along with boundary conditions were identical. 

However, the rock characteristics were different based on the conducted laboratory tests. 

As previously mentioned, when the drill bit starts to drill the rock, the loading state 

changes to undrained condition. Thus, in the real field, when drilling of the wellbore 

starts, the pore fluid prevents the mud from infiltrating into the surrounding formation. 

Such interaction between mud and pore fluid is highly complex which relies on a diverse 

range of parameters. As the mud continues to circulate in the wellbore, it gradually 

infiltrates into the formation. In other words, mud infiltration induces additional pressure 

in the adjacent formations. Hence, after mud infiltration into the formation, the loading 

conditions change from undrained to drained state. This issue affects the numerical 

results. Therefore, in the wellbore stability analysis, both undrained and drained loading 

conditions must be considered in numerical modeling.  

In this study, the numerical models were conducted in two scenarios: rock-mud 

interaction under undrained condition (no mud infiltration to the formation), and rock-

mud interaction under drained condition (mud infiltration to the formation). From the 

time perspective, the first case is equivalent to the drilling time at t = 0+, at which the rock 

is drilled while the pore pressure instantly heightens as a response to the drilling 

operation. As the drilling process proceeds, the second scenario occurs, and the mud 

infiltrates into the adjacent rocks. An identical procedure was already undertaken by 

some researchers to exclude the impact of mud interaction with native pore pressure in 

coupled poro-elastic wellbore stability analysis [56]. 

In the first scenario, the drilling process was simulated for twelve models without the 

infiltration of mud into the wellbore wall. In this case, the wellbore wall acted as an 

impermeable boundary. This assumption excludes the effect of mud infiltration during 

the undrained loading condition. The mud pressure was kept between the formation pore 

pressure and maximum fracture gradient calculated using the following equation: 

𝐹𝐺𝑚𝑎𝑥 =
2𝑣

1−𝑣
(𝜎𝑣 − 𝑝) + 𝑝                                               (7.3) 

where 𝐹𝐺𝑚𝑎𝑥  indicates the maximum fracture gradient. Equation (7.3) was used to 

compute the maximum fracture gradient [100,101]  
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In the second scenario, the drilling process was executed for those twelve models while 

the mud infiltration into the formation was permitted. In this case, the wellbore wall acted 

as a permeable boundary permitting the mud and pore fluid exchange. In what follows, 

those two scenarios together with the obtained results are described. 

 

7.3.1. Undrained condition 

• Model 1 

Model 1 represented sandstone rock at depth of 142 m. This model is equivalent to the 

AVS tests performed under the hydrostatic stress equal to 3.52 MPa. Table 7.2 summarizes 

the different characteristics specified to model 1. The main poro-elastic parameters whose 

impact on wellbore stability were assessed are highlighted in the table.  

Table 7.2. Data used in numerical simulation of Model 1. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 142 

Dry density kg/m3 2530 

Cohesion MPa 5.09 

Friction angle degree 57.80 

Tensile strength MPa 2.94 

Porosity % 15.7 

Biot’s coefficient - 0.61 

Biot Modulus GPa 46.44 

unconstrained specific 

storage coefficient 
GPa-1 0.04 

Skempton’s coefficient - 0.99 

Bulk modulus GPa 11.4 

Shear modulus GPa 6.29 

Poisson’s ratio - 0.27 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 3.52 

σHmax MPa 3.52 

σhmin MPa 3.52 

Pore fluid 

Pore pressure MPa 3.44 

Pore fluid density kg/m3 1000 

Saturation degree - 1 
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After specifying the corresponding characteristics to rock and pore fluid (water), the 

model was run. It successfully reached the static equilibrium state, thereby indicating that 

the rock characteristics along with the initial and boundary constrains were properly 

assigned. 

After reaching the static equilibrium, the wellbore was drilled. To do this, the mesh 

elements of “well” group were removed. Then, the model was run to evaluate the 

drilling-derived deformations. After running the model, it reached the equilibrium state. 

No failure was observed at the wellbore wall. The highest radial displacement at wall was 

2.59×10-5 m which was negligible. Figure 7.5 shows the calculated displacements around 

the wellbore. Moreover, Figure 7.6 shows that no plasticity state occurred around the 

wellbore. 

 

Figure 7.5: The contour of radial displacements around the wellbore for Model 1. 

 

 

Figure 7.6: The non-presence of plasticity state of rock around wellbore for Model 1. 
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• Model 2 

Model 2 represented the sandstone rock at depth of 282 m. This model is equivalent to 

the AVS tests performed under the hydrostatic stress equal to 7 MPa. Table 7.3 

summarizes the physical, mechanical, and poro-elastic properties specified to model 2. 

The main poro-elastic parameters whose impact on the wellbore stability was evaluated 

are highlighted in the table.  

Table 7.3. Data used in numerical simulation of Model 2. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 282 

Dry density kg/m3 2530 

Cohesion MPa 5.66 

Friction angle degree 55.40 

Tensile strength MPa 3.53 

Porosity % 15.7 

Biot’s coefficient - 0.59 

Biot Modulus GPa 49.73 

unconstrained specific 

storage coefficient 
G Pa-1 0.036 

Skempton’s coefficient - 0.98 

Bulk modulus GPa 12.6 

Shear modulus GPa 6.41 

Poisson’s ratio - 0.28 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 7.00 

σHmax MPa 7.00 

σhmin MPa 7.00 

Pore fluid 

Pore pressure MPa 6.87 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After defining the rock and pore fluid (water) characteristics, the numerical model was 

executed. The model successfully achieved a state of static equilibrium, confirming that 

the rock features, along with the initial and boundary constrains, were correctly applied. 

After reaching the static equilibrium state, the wellbore was drilled, and the model was 

run again. The model reached a static equilibrium, and no failure was observed at the 

wellbore wall. The highest radial displacement at wall was 1.68×10-4 m which is negligible. 
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Figure 7.7 illustrates the calculated displacements around the wellbore. Moreover, similar 

to model 1, no failure was observed around the wellbore. 

 

Figure 7.7: Contour of radial displacements around the wellbore for Model 2. 
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• Model 3 

Model 3 represented the sandstone rock at depth of 427 m. This model is equivalent to 

the AVS tests performed under the hydrostatic stress equal to 10.6 MPa. Table 7.4 

summarizes the physical, mechanical, and poro-elastic properties specified to model 3. 

Table 7.4. Data used in numerical simulation of Model 3. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 427 

Dry density kg/m3 2530 

Cohesion MPa 6.15 

Friction angle degree 53.80 

Tensile strength MPa 4.02 

Porosity % 15.7 

Biot’s coefficient - 0.57 

Biot Modulus GPa 53.51 

unconstrained specific 

storage coefficient 
G Pa-1 0.033 

Skempton’s coefficient - 0.97 

Bulk modulus GPa 13.7 

Shear modulus GPa 6.58 

Poisson’s ratio - 0.29 

Wellbore Radius cm 10 

In-situ stresses 

σv MPa 10.6 

σHmax MPa 10.6 

σhmin MPa 10.6 

Pore fluid 

Pore pressure MPa 10.26 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After setting the rock and pore fluid (water) characteristics, the numerical model was 

executed. The model reached static equilibrium, indicating that the rock properties 

together with the initial and boundary constrains were accurately assigned. After 

reaching the static equilibrium state, the wellbore was drilled, and the model was run. 

The model reached a static equilibrium, and no failure was observed at the wellbore wall. 

The highest radial displacement at wall was 5.22×10-4 m which is slightly more than 

Model 1 and Model 2. Figure 7.8 illustrates the calculated displacements around the 
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wellbore. Moreover, like model 1 and Model 2, no remarkable rock failure was observed 

around the wellbore. 

 

Figure 7.8: The contour of radial displacements around the wellbore for Model 3. 
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• Model 4 

Model 4 represented the sandstone rock at depth of 558 m. This model is equivalent to 

the AVS tests performed under the hydrostatic stress equal to 13.85 MPa. Table 7.5 

summarizes the physical, mechanical, and poro-elastic properties specified to model 4. 

Table 7.5. Data used in numerical simulation of Model 4. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 558 

Dry density kg/m3 2530 

Cohesion MPa 6.63 

Friction angle degree 52.20 

Tensile strength MPa 4.54 

Porosity % 15.7 

Biot’s coefficient - 0.56 

Biot Modulus GPa 56.58 

unconstrained specific 

storage coefficient 
G Pa-1 0.031 

Skempton’s coefficient - 0.97 

Bulk modulus GPa 14.7 

Shear modulus GPa 6.68 

Poisson’s ratio - 0.30 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 13.85 

σHmax MPa 13.85 

σhmin MPa 13.85 

Pore fluid 

Pore pressure MPa 13.63 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After specifying the corresponding characteristics to the rock and pore fluid (water), 

the model was solved. It successfully reached the static equilibrium state, thereby 

indicating that the rock properties, and initial and boundary conditions were properly 

assigned to the model. Then, the wellbore was drilled, and the model was run again. The 

model achieved static equilibrium, with no signs of failure detected at the wellbore wall. 

The highest radial displacement at the wall was 8.97×10-4 m which is slightly more than 

the previous models. Figure 7.9 illustrates the calculated displacements around the 

wellbore. No remarkable failure was observed around the wellbore. 
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Figure 7.9: The contour of radial displacements around the wellbore for Model 4. 
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• Model 5 

Model 5 represented the sandstone rock at depth of 704 m. This model is equivalent to 

the AVS tests performed under the hydrostatic stress equal to 17.47 MPa. Table 7.6 

summarizes the physical, mechanical, and poro-elastic properties specified to model 5. 

Table 7.6. Data used in numerical simulation of Model 5. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 704 

Dry density kg/m3 2530 

Cohesion MPa 7.00 

Friction angle degree 50.70 

Tensile strength MPa 5.00 

Porosity % 15.7 

Biot’s coefficient - 0.56 

Biot Modulus GPa 57.41 

unconstrained specific 

storage coefficient 
G Pa-1 0.03 

Skempton’s coefficient - 0.96 

Bulk modulus GPa 15.7 

Shear modulus GPa 6.74 

Poisson’s ratio - 0.31 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 17.47 

σHmax MPa 17.47 

σhmin MPa 17.47 

Pore fluid 

Pore pressure MPa 17.03 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After assigning the relevant characteristics to the rock and water, the numerical model 

was executed. The model successfully achieved a state of static equilibrium, confirming 

that the rock properties, along with the initial and boundary constraints, were correctly 

assigned. Afterwards, the wellbore was drilled, and the model was run again. The model 

reached a static equilibrium. The maximum displacement around the wellbore was 1.30 

mm (Figure 7.10). 
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Figure 7.10: The contour of radial displacements around the wellbore for Model 5. 
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• Model 6 

Model 6 represented the sandstone rock at depth of 839 m. This model is equivalent to 

the AVS tests performed under the hydrostatic stress equal to 20.82 MPa. Table 7.7 

summarizes the physical, mechanical, and poro-elastic properties specified to model 6. 

Table 7.7. Data used in numerical simulation of Model 6. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 839 

Dry density kg/m3 2530 

Cohesion MPa 7.49 

Friction angle degree 49.11 

Tensile strength MPa 5.59 

Porosity % 15.7 

Biot’s coefficient - 0.55 

Biot Modulus GPa 61.45 

unconstrained specific 

storage coefficient 
G Pa-1 0.028 

Skempton’s coefficient - 0.96 

Bulk modulus GPa 16.8 

Shear modulus GPa 6.82 

Poisson’s ratio - 0.32 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 20.82 

σHmax MPa 20.82 

σhmin MPa 20.82 

Pore fluid 

Pore pressure MPa 20.23 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After assigning the rock characteristics to both the rock and water, the numerical 

model was executed. The model successfully reached static equilibrium, indicating that 

the rock features, along with the initial and boundary constraints, were correctly applied. 

The model achieved static equilibrium, with no failure detected at the wellbore wall. After 

reaching the static equilibrium state, the wellbore was drilled, and the model was run 

again. Like the previous models, the model reached a static equilibrium. Figure 7.11 

illustrates the radial displacements in the model. The maximum radial displacement near 

the wellbore was 1.61 mm. 
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Figure 7.11: The contour of radial displacements around the wellbore for Model 6. 
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• Model 7 

The Model 7 represented the sandstone rock in depth of 974 m. This model is 

equivalent to the AVS tests performed under the hydrostatic stress equal to 24.17 MPa. 

Table 7.8 summarizes the physical, mechanical, and poro-elastic properties specified to 

model 7. 

Table 7.8. Data used in numerical simulation of Model 7. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 974 

Dry density kg/m3 2530 

Cohesion MPa 7.49 

Friction angle degree 49.11 

Tensile strength MPa 5.59 

Porosity % 15.7 

Biot’s coefficient - 0.54 

Biot Modulus GPa 63.07 

unconstrained specific 

storage coefficient 
G Pa-1 0.027 

Skempton’s coefficient - 0.95 

Bulk modulus GPa 17.0 

Shear modulus GPa 6.84 

Poisson’s ratio - 0.32 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 24.17 

σHmax MPa 24.17 

σhmin MPa 24.17 

Pore fluid 

Pore pressure MPa 23.45 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After assigning the relevant characteristics to the rock and water, the numerical model 

was executed. It successfully attained a state of static equilibrium, confirming that the 

rock properties together with the initial and boundary variables were correctly applied. 

After reaching the static equilibrium state, the wellbore was drilled, and the model was 

run again. Like the previous models, the model reached a static equilibrium. The 

maximum displacement around the wellbore was 2.18 mm (Figure 7.12). 
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Figure 7.12: The contour of radial displacements around the wellbore for Model 7. 
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• Model 8 

Model 8 represented the sandstone rock in depth of 1116 m. This model is equivalent 

to the AVS tests performed under the hydrostatic stress equal to 27.70 MPa. Table 7.9 

summarizes the physical, mechanical, and poro-elastic properties specified to model 8. 

Table 7.9. Data used in numerical simulation of Model 8. 

Object Property Unit Value 

 

Depth from the ground 

surface 
m 1116 

Dry density kg/m3 2530 

Cohesion MPa 7.49 

Friction angle degree 49.11 

Tensile strength MPa 5.59 

Porosity % 15.7 

Biot’s coefficient - 0.54 

Biot Modulus GPa 62.23 

unconstrained specific 

storage coefficient 
G Pa-1 0.027 

Skempton’s coefficient - 0.95 

Bulk modulus GPa 17.2 

Shear modulus GPa 6.86 

Poisson’s ratio - 0.32 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 27.70 

σHmax MPa 27.70 

σhmin MPa 27.70 

Pore fluid 

Pore pressure MPa 26.78 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After assigning the relevant characteristics to the rock and water, the numerical model 

was executed. It successfully reached the static equilibrium, confirming that the rock 

properties, along with other variables were correctly specified to the model. Afterwards, 

the wellbore was drilled, and the model was run again. Like the previous models, the 

model reached a static equilibrium. The maximum displacement around the wellbore 

was 2.87 mm (Figure 7.13). 
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Figure 7.13: The contour of radial displacements around the wellbore for Model 8. 
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• Model 9 

Model 9 represented the sandstone rock in depth of 1257 m. This model is equivalent 

to the AVS tests performed under the hydrostatic stress equal to 31.20 MPa. Table 7.10 

summarizes the physical, mechanical, and poro-elastic properties specified to model 9. 

Table 7.10. Data used in numerical simulation of Model 9. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 1257 

Dry density kg/m3 2530 

Cohesion MPa 7.49 

Friction angle degree 49.11 

Tensile strength MPa 5.59 

Porosity % 15.7 

Biot’s coefficient - 0.54 

Biot Modulus GPa 61.46 

unconstrained specific 

storage coefficient 
Pa-1 0.027 

Skempton’s coefficient - 0.94 

Bulk modulus GPa 17.4 

Shear modulus GPa 6.88 

Poisson’s ratio - 0.32 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 31.20 

σHmax MPa 31.20 

σhmin MPa 31.20 

Pore fluid 

Pore pressure MPa 30.80 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After setting the appropriate characteristics for the rock and water, the numerical 

model was run. It successfully achieved static equilibrium, demonstrating that the rock 

characteristics, along with the initial and boundary constraints, were accurately assigned. 

After reaching the static equilibrium state, the wellbore was drilled, and the model was 

run again. Like the previous models, the model reached a static equilibrium. The 

maximum displacement around the wellbore was 3.85 mm (Figure 7.14). 
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Figure 7.14: The contour of radial displacements around the wellbore for Model 9. 
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• Model 10 

Model 10 represented the sandstone rock in depth of 1397 m. This model is equivalent 

to the AVS tests performed under the hydrostatic stress equal to 34.67 MPa. Table 7.11 

summarizes the physical, mechanical, and poro-elastic properties specified to model 10. 

Table 7.11. Data used in numerical simulation of Model 10. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 1397 

Dry density kg/m3 2530 

Cohesion MPa 7.49 

Friction angle degree 49.11 

Tensile strength MPa 5.59 

Porosity % 15.7 

Biot’s coefficient - 0.53 

Biot Modulus GPa 62.69 

unconstrained specific 

storage coefficient 
G Pa-1 0.026 

Skempton’s coefficient - 0.94 

Bulk modulus GPa 17.8 

Shear modulus GPa 6.91 

Poisson’s ratio - 0.33 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 34.67 

σHmax MPa 34.67 

σhmin MPa 34.67 

Pore fluid 

Pore pressure MPa 33.29 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After importing the rock and water characteristics, the numerical model was executed. 

It achieved static equilibrium, which indicated that the rock features, along with the 

initial and boundary limits, were correctly configured. After reaching the static 

equilibrium state, the wellbore was drilled, and the model was run again. The model 

reached a static equilibrium; however, a remarkable closure (reduction in wellbore 

diameter) was observed. Figure 7.15 illustrates the displacements around the wellbore. 

The highest radial displacement at the wall was 4.64 mm. Moreover, Figure 7.16 shows 
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that significant shear and tension plasticity states have been initiated around the 

wellbore.  

Model 10 is a critical state in stability of the drilled wellbore. In better words, it implies 

that after depth of 1397 m, the potential of wellbore failure increases markedly. The 

diagonal wellbore closure was 9.28 mm. Hence, it can be expressed that the wellbore 

radius declines from 10 cm to nearly 9 cm.  

 

Figure 7.15: The contour of radial displacements around the wellbore for Model 10. 

 

 

Figure 7.16: The plasticity states of rock zones around wellbore for Model 10. 
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• Model 11 

Model 11 represented the sandstone rock in depth of 1537 m. This model is equivalent 

to the AVS tests performed under the hydrostatic stress equal to 38.14 MPa. Table 7.12 

summarizes the physical, mechanical, and poro-elastic properties specified to model 11. 

Table 7.12. Data used in numerical simulation of Model 11. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 1537 

Dry density kg/m3 2530 

Cohesion MPa 7.49 

Friction angle degree 49.11 

Tensile strength MPa 5.59 

Porosity % 15.7 

Biot’s coefficient - 0.53 

Biot Modulus GPa 61.86 

unconstrained specific 

storage coefficient 
G Pa-1 0.026 

Skempton’s coefficient - 0.93 

Bulk modulus GPa 18.0 

Shear modulus GPa 6.94 

Poisson’s ratio - 0.33 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 38.15 

σHmax MPa 38.15 

σhmin MPa 38.15 

Pore fluid 

Pore pressure MPa 36.54 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After reaching the static equilibrium state, the wellbore was drilled, and the model was 

run again. Like the previous models, the model reached a static equilibrium. However, 

the maximum radial displacement around the wellbore was 8.12 mm (Figure 7.17). 

Hence, compared to Model 10, the displacements at the wellbore wall were 

approximately two times more. Thus, the wellbore radios declined from 10 cm to 

approximately 8.4 cm. 
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Figure 7.17: The contour of radial displacements around the wellbore for Model 11. 
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• Model 12 

Model 12 represented the sandstone rock in depth of 1676 m. This model is equivalent 

to the AVS tests performed under the hydrostatic stress equal to 41.59 MPa. Table 7.13 

summarizes the physical, mechanical, and poro-elastic properties specified to model 12. 

Table 7.13. Data used in numerical simulation of Model 12. 

Object Property Unit Value 

Sandstone rock 

Depth from the ground 

surface 
m 1676 

Dry density kg/m3 2530 

Cohesion MPa 7.49 

Friction angle degree 49.11 

Tensile strength MPa 5.59 

Porosity % 15.7 

Biot’s coefficient - 0.53 

Biot Modulus GPa 61.12 

Storage coefficient G Pa-1 0.026 

Skempton’s coefficient - 0.92 

Bulk modulus GPa 18.2 

Shear modulus GPa 6.96 

Poisson’s ratio - 0.33 

Wellbore radius cm 10 

In-situ stresses 

σv MPa 40.60 

σHmax MPa 40.60 

σhmin MPa 40.60 

Pore fluid 

Pore pressure MPa 39.70 

Pore fluid density kg/m3 1000 

Saturation degree - 1 

 

After specifying the characteristics of the rock and water, the numerical model was 

run. It reached static equilibrium, confirming that the rock properties, initial conditions, 

and boundary conditions were accurately set. After drilling the wellbore, the radial 

displacements did not reach a static equilibrium, and the wall completely collapsed. 

Figure 7.18 illustrates the radial displacements around the wellbore. As it can be seen, the 

displacements at wellbore wall exceeded 1.79 cm towards the wellbore center. Moreover, 

Figure 7.19 shows that the shear and tension plasticity states have been stretched behind 

the wall, indicating that the wall totally underwent failure.  
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Figure 7.18: The contour of radial displacements around the wellbore for Model 12. 

 

 

Figure 7.19: The plasticity states of rock zones around the wellbore for Model 12. 

 

In the first scenario, the drilling process was simulated for twelve models while drilling 

mud pressure was acted on the wellbore wall. The wall was set as impermeable boundary. 

This entitled us to exclude the impact of mud infiltration on the calculations. Figure 7.20 

depicts the maximum radial displacements and calculated safety factor for different 
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drilling depths. Initially, as depth increases, there is a gentle increase in displacement 

from approximately 0 mm to a 4 mm at depth 1400 m. Concurrently, as depth increases 

to 1400 m, the safety factor shows a significant decrease, suggesting that the surrounding 

formation is becoming less stable.  

Beyond the depth of 1400 m, further increase in depth leads to a dramatic rise in radial 

displacement and a sharp decline in the safety factor. This suggests that the system has 

surpassed its optimal stability threshold, resulting in significant deformation and 

reduced safety. After a depth of 1400 m, the sharp change indicates a potential failure 

point, where the rock may no longer withstand the conditions imposed by the increasing 

depth. Therefore, it can be deduced that for depth more than 1400 meters, the wellbore 

drilled in the Tumlin sandstone undergoes rock failure as reduction in diameter (wellbore 

closure). 

 

Figure 7.20: Maximum of radial displacements and the equivalent safety factor values for 12 

numerical models (undrained condition). 
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7.3.2. Drained condition 

In the second scenario, the drilling process was executed for those twelve numerical 

models while the mud was allowed to infiltrate into the formation. Therefore, the rock 

was loaded under drained condition. In this section, the effect of mud interaction with 

formation on wellbore stability is elaborated.  

Figure 7.21 depicts the maximum radial displacements and calculated safety factor for 

different drilling depths in drained condition. As can be seen for all drilling depths the 

highest radial displacement of the wall is less than 0.01 mm which is very neglectable. 

Furthermore, the safety factor for all drilling depths is higher than 4. Thus, it can be 

deduced that if an appropriate mud pressure between the pore pressure and fracture 

gradient is selected, the wellbore is highly stable during the loading transition from 

undrained to drained condition. As a supplementary part, a casing with steel properties 

(v=0.2, and E=200 GPa) was also installed in the wellbore. For this case, the displacements 

were also very minor for all drilling depths. 

 
Figure 7.21: Maximum of radial displacements and the equivalent safety factor values for 12 

numerical models (drained condition). 
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7.3.3. Comparing wellbore failure in drained and undrained conditions 

To provide a comparison, the results presented in Figures 7.20 and 7.21 are depicted 

in Figure 7.22.  

 

Figure 7.22: Maximum of radial displacements and the equivalent safety factor values for 12 

numerical models for both undrained and drained conditions.                                     

As indicated by Figure 7.22, it is turned out that the safety factor for well stability at 

any arbitrary drilling depth is larger under the drained condition in comparison with the 

undrained circumstances. Another key point is that the discrepancy between the safety 

factor of drained and undrained conditions has a direct relationship with depth. 

Specifically, when the drilling depth surpasses 1400 m, this discrepancy is heightened. 

For depths less than 1400 m, both undrained and drained safety factors are higher than 

1, thereby indicating the stable wellbore. On the other hand, for depths more than 1400 

m the safety factor of undrained conditions falls below 1, indicating the wellbore failure 

potential in the form of wellbore closure.  

Regarding the maximum radial displacement, it is concluded that the rock around the 

wellbore undergoes higher radial strains for undrained condition compared with drained 

condition. Such a radial strains become more severe when the drilling depths exceeds 

1400 m. 
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Chapter 8: Parametric study 
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8.1. Procedure of parametric study 

In the performed numerical models, the hydrostatic stress and pore pressure changed 

with depth. As the depth increased, the wellbore wall was more prone to failure, 

specifically during the very early stages of drilling operation when the rock was under 

undrained condition. In the previous chapter, since the drilling depth changed in the 

models, the sole impact of each individual poro-elastic parameter on wellbore stability 

was unclear. In this chapter, it is attempted to understand how different values of poro-

elastic parameters affect wellbore failure. To achieve this, a parametric study is 

conducted. 

In general, parametric study is used in various fields, including engineering, to 

understand how changes in parameters affect the outcomes of a model or system. A 

parametric study involves systematically varying one, two, or more parameters while 

keeping other variables constant to understand the impact of subsequent changes on the 

outputs. It is often used to examine the behavior of a system across a range of parameter 

values and to identify trends or patterns in the output as the parameters change. 

In the current chapter, a parametric study is conducted for three important models 

including Model 9, Model 10, and Model 11. As was observed in the previous chapter, 

these three models underwent significant wall radial displacements. Model 12 was not 

considered since it was mechanically unstable, and the influence of poro-elastic 

parameters on wellbore instability was not reflected properly.  

The parametric study was conducted based on the following procedure:  

1. Firstly, a specific depth or model, e.g. Model 9, was selected. Since the parameters of 

hydrostatic stress, pore pressure, and Skempton’s coefficient rely directly on loading 

conditions, they were considered constant during the parametric study analysis. Table 

8.1 shows the constant parameters for parametric study for Model 9. 

Table 8.1: Constant parameters for parametric study for Model 9. 

Model Depth (m) Pc (MPa) p (MPa) B 

9 1257 31.20 30.08 0.94 

 

2. For Model 9, 30 measurements had been already taken under undrained condition 

(Every measurement belonged to conducting an undrained test on one specific rock 
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sample. Note that there were 30 rock specimens). Those 30 measurements were sorted 

into nine separate groups based on the value of Ku. Hence, nine groups of undrained 

measurements were established. Table 8.2 summarizes those groups for Model 9.  

Table 8.2: Nine groups of undrained measurements established based on the Ku for Model 9. 

Group 
Ku (MPa) 

Minimum Maximum Average 

Group 1 27 29 27.6 

Group 2 29 31 30.0 

Group 3 31 33 31.4 

Group 4 33 35 33.9 

Group 5 35 37 35.8 

Group 6 37 39 37.8 

Group 7 39 40 39.4 

Group 8 40 42 40.7 

Group 9 42 44 43.6 

   

4. For Model 9, 30 measurements also had been already taken under drained 

condition (Every measurement belonged to conducting a drained test on one 

specific rock sample). Those 30 measurements were also sorted to nine separate 

groups based on the K value. Therefore, nine groups of drained measurements 

were created. Table 8.3 presents those drained groups for Model 9 based on K.  

Table 8.3: Nine groups of drained measurements established based on the K for Model 9. 

Group 
K (MPa) 

Minimum Maximum Average 

Group 1 13 14 13.8 

Group 2 14 15 14.5 

Group 3 15 16 15.6 

Group 4 16 17 16.4 

Group 5 17 18 17.4 

Group 6 18 19 18.7 

Group 7 19 20 19.5 

Group 8 20 21 20.6 

Group 9 21 22 21.1 

 

4. After sorting the undrained and drained measurements to nine distinct groups, the 

values of Ku and K were utilized to calculate the average Biot’s coefficient, average Biot 

modulus, and average unconstrained specific storage coefficient for each group. 
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Moreover, the average of other parameters such as G, E, and v were also calculated for 

those nine groups. Table 8.4 shows the nine groups created for Model 9. These nine 

groups were utilized in parametric study. 

Table 8.4: Nine groups created for Model 9, utilized in parametric study. 

Group 
K 

(GPa) 

Ku  

(GPa) 
α  

M 

(GPa) 

G 

(GPa) 
ν  

E 

(GPa) 

𝑆𝜎 

((GPa)-1) 

1 13.8 27.6 0.53 48.98 6.48 0.30 16.8 0.0330 

2 14.5 30.0 0.55 51.59 6.54 0.30 17.1 0.0323 

3 15.6 31.4 0.53 55.73 6.76 0.31 17.7 0.0294 

4 16.4 33.9 0.55 58.39 6.72 0.32 17.7 0.0029 

5 17.4 35.4 0.54 61.46 6.88 0.32 18.22 0.00272 

6 18.7 37.8 0.54 66.56 6.88 0.34 18.4 0.0253 

7 19.5 39.4 0.53 69.59 7.18 0.34 19.2 0.0242 

8 20.6 40.7 0.52 73.54 7.48 0.34 20.0 0.0225 

9 21.1 43.6 0.55 75.11 8.52 0.32 22.5 0.0226 

 

5. Using Table 8.4, nine numerical models for Model 9 were created. In other words, while 

the loading condition parameters were kept constant, the data presented in Table 8.4 were 

imported to numerical models. Then, those nine numerical models were run. Those 

results will be presented in the subsequent subsection. 

After conducting the parametric study for Model 9, the above procedure was repeated 

for Model 10 and Model 11. The following tables summarize the sorted groups for Model 

10 and Model 11. 

Table 8.5: Constant parameters for parametric study for Model 10. 

Model Depth (m) Pc (MPa) p (MPa) B 

10 1397 34.67 33.29 0.94 
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Table 8.6: Nine groups of undrained measurements established based on the Ku for Model 10. 

Group 
Ku (MPa) 

Minimum Maximum Average 

Group 1 27 29 27.6 

Group 2 29 31 30.0 

Group 3 31 33 31.4 

Group 4 33 35 33.9  

Group 5 35 37 35.8  

Group 6 37 39 37.8  

Group 7 39 40 39.4  

Group 8 40 42 40.7  

Group 9 42 44 43.6  

   

Table 8.7: Nine groups of drained measurements established based on the K for Model 10. 

Group 
K (MPa) 

Minimum Maximum Average 

Group 1 13 14 13.9  

Group 2 14 15 14.7  

Group 3 15 16 15.9  

Group 4 16 17 16.3  

Group 5 17 18 17.6  

Group 6 18 19 18.6  

Group 7 19 20 19.6  

Group 8 20 21 20.2  

Group 9 21 22 21.7  

 

Table 8.8: Nine groups created for Model 10, utilized in parametric study. 

Group 
K 

(GPa) 

Ku  

(GPa) 
α  

M 

(GPa) 

G 

(GPa) 
ν  

E 

(GPa) 

𝑆𝜎 

((GPa)-1) 

1 13.9 27.6 0.53 48.7 6.5 0.30 16.82 0.0330 

2 14.7 30.0 0.54 51.6 6.6 0.31 17.20 0.0320 

3 15.9 31.4 0.53 55.8 6.7 0.32 17.68 0.0291 

4 16.3 33.9 0.55 57.2 6.7 0.32 17.79 0.0296 

5 17.8 35.4 0.53 62.2 6.91 0.33 18.33 0.0266 

6 18.6 37.8 0.54 65.0 6.88 0.33 18.36 0.261 

7 19.6 39.4 0.54 68.5 7.44 0.33 19.80 0.244 

8 20.2 40.7 0.54 70.8 7.13 0.34 19.14 0.239 

9 21.7 43.6 0.54 76.1 8.50 0.33 22.55 0.0219 
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Table 8.9: Constant parameters for parametric study for Model 11. 

Model Depth (m) Pc (MPa) p (MPa) B 

11 1537 38.14 36.54 0.93 

 

Table 8.10: Nine groups of undrained measurements established based on the Ku for Model 11. 

Group 
Ku (MPa) 

Minimum Maximum Average 

Group 1 27 29 27.6  

Group 2 29 31 30.0  

Group 3 31 33 31.4  

Group 4 33 35 33.9  

Group 5 35 37 35.8  

Group 6 37 39 37.8  

Group 7 39 40 39.4  

Group 8 40 42 40.7  

Group 9 42 44 43.6  

   

Table 8.11: Nine groups of drained measurements established based on the K for Model 11. 

   Group 
K (MPa) 

Minimum Maximum Average 

Group 1 13 14 13.91  

Group 2 14 15 14.52  

Group 3 15 16 15.48  

Group 4 16 17 16.44  

Group 5 17 18 17.31  

Group 6 18 19 18.0  

Group 7 19 20 19.52  

Group 8 20 21 20.56  

Group 9 21 22 21.89  
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Table 8.12: Nine groups created for Model 11, utilized in parametric study. 

Group 
K 

(GPa) 

Ku  

(GPa) 
α  

M 

(GPa) 

G 

(GPa) 
ν  

E 

(GPa) 

𝑆𝜎 

((GPa)-1) 

1 13.91 27.6 0.53 48.19 6.47 0.30 16.8 0.0333 

2 14.52 30.0 0.55 50.34 6.70 0.30 17.4 0.0330 

3 15.48 31.4 0.55 53.62 6.48 0.32 17.1 0.0310 

4 16.44 33.9 0.55 57.01 6.68 0.32 17.6 0.0296 

5 17.31 35.8 0.56 60.03 6.87 0.32 18.2 0.0283 

6 18.0 35.4 0.53 61.86 6.94 0.33 18.43 0.0265 

7 19.52 39.4 0.54 67.61 7.18 0.34 19.2 0.0249 

8 20.56 40.7 0.53 71.24 7.27 0.34 19.5 0.0234 

9 21.89 43.6 0.54 75.83 8.52 0.33 22.6 0.0218 
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8.2. Results of parametric study 
After creating nine separate groups for Model 9, Mode1 10, and Model 11, the relevant 

numerical simulations were performed, and the numerical results were interpreted. 

Figures 8.1, 8.2, and 8.3 show the impact of five poro-elastic parameters including K, 

Ku, E, G, and M on the highest radial displacement at wall for those three models. 

According to those figures, as those poro-elastic parameters increase, the highest radial 

displacement at the wall decreases.  

According to Figure 8.1, the radial displacement is more sensitive to the change in G, 

E, and K. Hence, a slight increase in these three parameters may lead to dramatic 

reduction in wall displacement. Furthermore, wall displacement has the least sensitivity 

to changes in Biot modulus. In other words, altering Biot modulus has the smallest impact 

on the displacement of the wall compared to changes in other parameters. After Biot 

modulus, the undrained bulk modulus has the next least sensitivity to wall displacement 

among the parameters being considered. 

 

Figure 8.1: Influence of poro-elastic parameters of K, Ku, E, G, and M on the maximum radial 

displacement at wellbore wall for Model 9. 
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Figure 8.2: Influence of poro-elastic parameters of K, Ku, E, G, and M on the maximum radial 

displacement at wellbore wall for Model 10. 

 

Figure 8.3: Influence of poro-elastic parameters of K, Ku, E, G, and M on the maximum radial 

displacement at wellbore wall for Model 11. 

The impact of the above-mentioned poro-elastic parameters on the wall displacement 

has also been shown in Figures 8.4-8.8. In these figures, the impact of each parameter on 

maximum radial displacement at wellbore wall has been shown for those three models. 

Apparently, the higher values of K, Ku, E, G, and M, the less displacement at wellbore 

wall. 
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Figure 8.4: The variation of maximum radial displacement at wellbore wall with shear modulus 

for Model 9, Model 10, and Model 11. 

 

 

Figure 8.5: The variation of maximum radial displacement at wellbore wall with Young’s 

modulus for Model 9, Model 10, and Model 11. 
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Figure 8.6: The variation of maximum radial displacement at wellbore wall with drained bulk 

modulus for Model 9, Model 10, and Model 11. 

 

 
Figure 8.7: The variation of maximum radial displacement at wellbore wall with undrained bulk 

modulus for Model 9, Model 10, and Model 11. 
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Figure 8.8: The variation of maximum radial displacement at wellbore wall with Biot modulus 

for Model 9, Model 10, and Model 11. 

As well as the poro-elastic parameters of K, Ku, E, G, and M, the impacts of other poro-

elastic parameters, i.e. 𝑣, 𝛼, and 𝑆𝜎  on the highest radial displacement at wall were also 

considered. Figure 8.9 depicts the correlation between 𝑣 and highest radial displacement 

at wall for those three models. Apparently, as 𝑣 increases, the maximum radial 

displacement at wellbore wall decreases. 

 

Figure 8.9: Relation between 𝑣 and highest radial displacement at wall for Model 9, Model 10, 

and Model 11. 
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Figure 8.10 depicts the relation between 𝛼 and highest radial displacement at wall for 

those three models., As 𝛼 increases, the highest radial displacement at wall decreases. 

 

Figure 8.10: Relation between 𝛼 and highest radial displacement at wall for Model 9, Model 10, 

and Model 11. 

The impact of unconstrained specific storage coefficient on the highest radial 

displacement at the wall  is shown in Figure 8.11. Apparently, when the unconstrained 

specific storage coefficient increases, the maximum radial displacement at wellbore wall 

rises.  

 
Figure 8.11: Relationship between unconstrained specific storage coefficient and maximum 

radial displacement at wellbore wall for Model 9, Model 10, and Model 11. 
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From the aforesaid results, it can be turned out that in constant loading conditions 

(constant depth), the poro-elastic parameters do not exhibit identical impact on the 

wellbore stability. The poro-elastic parameters including K, Ku, G, K, M, v, and α have a 

direct relationship with wellbore stability. On the other hand, unconstrained specific 

storage coefficient shows an indirect relationship with wellbore stability. This means that 

as the unconstrained specific storage coefficient gets higher, the potential of wall failure 

becomes larger.  
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Chapter 9: Conclusions 
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Based on laboratory measurements and numerical simulations, the following 

conclusions were drawn concerning the influence of dynamic poro-elastic parameters on 

wellbore stability in Tumlin sandstone:  

1. The AVS tests revealed that the rock’s dynamic poro-elastic parameters 

remarkably rely on the magnitude of applied hydrostatic stress. Hence, for 

numerical wellbore stability analysis, it is better to use such a stress-dependent 

parameters rather than constant values. Consequently, the predictions of wellbore 

stability analysis will be more accurate.  

2. The dynamic poro-elastic parameters of Tumlin sandstone including Skempton’s 

coefficient, bulk modulus, Young’s modulus, shear modulus, Poisson’s ratio, 

Biot’s coefficient, Biot modulus, and unconstrained specific storage coefficient 

exhibited different trends with hydrostatic stress. 

3. Dynamic Skempton’s coefficient, Biot’s coefficient, and unconstrained specific 

storage coefficient exhibit a decreasing trend with increasing hydrostatic stress. 

However, while the Skempton’s coefficient decreases linearly, the Biot’s coefficient 

and the unconstrained specific storage coefficient follow a logarithmic decline 

4. On the contrary, other dynamic poro-elastic parameters, including bulk modulus, 

Young’s modulus, shear modulus, Poisson’s ratio, and Biot modulus increase with 

hydrostatic stress. This behavior is independent of the loading condition, whether 

undrained or drained. 

5. At the start of drilling (𝑡 = 0+), the Tumlin sandstone undergoes an undrained 

loading condition. Shortly after 𝑡 = 0+, the rock undergoes from undrained to 

drained loading conditions. These transitions in loading conditions were 

considered in the numerical simulations. It was revealed that the loading 

conditions have a great impact on the results obtained from coupled fluid-rock 

wellbore stability analysis, as it influences the poro-elastic parameters of the rock. 

Tumlin sandstone is more prone to failure when it is under undrained loading 

condition.   

6. At the start of drilling (𝑡 = 0+), Young’s modulus and shear modulus of Tumlin 

sandstone decrease while Poisson’s ratio and bulk modulus increase.  

7. The reduction in Young's modulus under undrained conditions illustrates that the 

rock becomes less stiff. This decrease in stiffness means the rock will deform more 

during the early stages of drilling. This leads to greater drilling-induced damage, 

such as fractures or wellbore collapse, particularly if the rock cannot support the 

drilling-induced stresses. 
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8. At the start of drilling (𝑡 = 0+), the shear modulus also decreases under undrained 

conditions, indicating a reduction in the rock's resistance to shear deformation. 

This reduction implies that the rock is more susceptible to shear failure or 

deformation during early stages of drilling, which could result in issues such as 

wellbore instability. 

9. At the start of drilling (𝑡 = 0+), the increase in Poisson’s ratio indicates that Tumlin 

sandstone becomes less compressible under undrained conditions. This results in 

greater lateral strain compared to axial strain, highlighting that the rock may 

experience more lateral expansion during drill-bit penetration. This behavior 

heightens the wellbore instability risk in the form of wellbore diameter 

enlargement. 

10. At the start of drilling (𝑡 = 0+), the bulk modulus exhibits the most remarkable 

changes compared to other poro-elastic properties. This phenomenon 

demonstrates that Tumlin sandstone tends to compensate deformations derived 

from the reduction in Young’s modulus and shear modulus and increase in 

Poisson’s ratio. 

11. Shortly after 𝑡 = 0+, when loading condition changes from undrained to drained, 

the pore pressure in the surrounding Tumlin sandstone reduces. Consequently, 

the effective stress acting on the rock increases. Furthermore, the poro-elastic 

parameters including Young’s modulus, shear modulus, and Poisson’s ratio 

escalate. Such an increase in effective stress and poro-elastic parameters lead to 

mechanical stabilization of the wellbore wall. 

12. At any arbitrary drilling depth, the safety factor for wellbore stability is lower 

under undrained conditions compared to drained conditions. Thus, the maximum 

radial displacements around the wellbore were larger for undrained conditions in 

comparison with the drained conditions.  

13. The difference in safety factors between undrained and drained conditions is 

directly dependent on the drilling depth. Specifically, when the drilling depth 

exceeds 1400 m, this difference becomes more intense.  

14. As the depth increases, the discrepancy between the rock’s poro-elastic parameters 

under drained and undrained conditions is smaller compared with the shallower 

depths. This finding implies that the mechanical behavior of Tumlin sandstone 

becomes more consistent for the deeper depths. This could mean that in deeper, 

high-stress levels, the rock is less likely to experience unexpected changes in 

deformation characteristics, which can be advantageous for maintaining wellbore 

stability.  
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Nomenclature 

 

Symbol Description Unit 

𝐴1 First coefficient in Airy stress function for Kirsch’s solution - 

𝐴2 Second coefficient in Airy stress function for Kirsch’s solution - 

𝐴3 Third coefficient in Airy stress function for Kirsch’s solution - 

𝐴4 Fourth coefficient in Airy stress function for Kirsch’s solution - 

𝐵 Skempton’s coefficient - 

𝐶 Rock’s cohesion Pa 

𝐶0 Uniaxial compressive strength in Mohr-coulomb failure criterion Pa 

𝐶1 First coefficient in Laplace transform of poro-elastic deviatoric stress loading state  - 

𝐶2 Second coefficient in Laplace transform of poro-elastic deviatoric stress loading state  - 

       𝐶3 Third coefficient in Laplace transform of poro-elastic deviatoric stress loading state  - 

𝐷1 Factor related to modified Bessel function of the second kind of order 1 - 

𝐷2 Factor related to modified Bessel function of the second kind of order 2 - 

𝐸 Drained Young’s modulus of rock Pa 

𝐸𝑢 Undrained Young’s modulus of rock Pa 

𝐹𝐺𝑚𝑎𝑥  Maximum fracture gradient Pa 

𝐺 Drained shear modulus  Pa 

𝐺𝑢  Undrained shear modulus  Pa 

H(t) Heaviside step function - 

𝐾 Drained bulk modulus  Pa 

𝐾𝑑𝑟𝑦 Dry bulk modulus  Pa 

𝐾𝑠 Mineral bulk modulus Pa 

𝐾𝑢 Undrained bulk modulus  Pa 

𝑀 Biot modulus Pa 

𝑃0 Far-field mean compressive stress Pa 
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𝑃𝑐 Hydrostatic stress Pa 

𝑅 Wellbore radius m 

𝑆0 Far-field deviatoric stress Pa 

𝑆𝑥 Far-field normal in-situ stress in 𝑥 direction Pa 

𝑆𝑥𝑦 Far-field shear in-situ stress in 𝑥𝑦 plane Pa 

𝑆𝑥𝑧 Far-field shear in-situ stress in 𝑥𝑧 plane Pa 

𝑆𝑦 Far-field normal in-situ stress in 𝑦 direction Pa 

𝑆𝑦𝑧 Far-field shear in-situ stress in 𝑦𝑧 plane Pa 

𝑆𝑧 Far-field normal in-situ stress in 𝑧 direction Pa 

𝑆𝑧
1 Vertical stress component in segment I Pa 

𝑆𝑧
2 Vertical stress component in segment II Pa 

𝑆𝑥′  Far-field normal in-situ stress in 𝑥′ direction Pa 

𝑆𝑦′ Far-field normal in-situ stress in 𝑦′ direction Pa 

𝑆𝑧′  Far-field normal in-situ stress in 𝑧′ direction Pa 

𝑆𝜎 Unconstrained specific storage coefficient of rock Pa-1 

𝑆𝐹 Safety factor - 

𝑇 Temperature °C 

𝑉 Bulk volume of the rock Pa 

𝑉𝑓 Volume of pore fluid M3 

𝑉𝑚 Initial volume of mineral(s) of the rock M3 

𝑉𝑝 Compressional wave velocity m/s 

𝑉𝑠 Shear wave velocity m/s 

   

𝑎11 
Coefficient relating the stress to volumetric strain in linear poro-elastic constitutive 

equation 

Pa-1 

𝑎12 
Coefficient relating the pore pressure to  volumetric strain in linear poro-elastic 

constitutive equation 

Pa-1 



143 
 

𝑎21 
Coefficient relating the stress to fluid content increment in linear poro-elastic 

constitutive equation 

Pa-1 

𝑎22 
Coefficient relating the pore pressure to fluid content increment in linear poro-elastic 

constitutive equation 

Pa-1 

c Generalized consolidation coefficient - 

𝑓(𝑟) Function of r in Airy stress function - 

𝑔 Gravitational acceleration  N/kg 

i Index - 

J Index - 

   

𝑘0 Modified Bessel function pertinent to the second kind of order 0 - 

𝑘1 Modified Bessel function pertinent to the second kind of order 1 - 

𝑘2 Modified Bessel function pertinent to the second kind of order 2 - 

𝑘𝑛 Modified Bessel function pertinent to the second kind of order n - 

𝑙𝑥𝑥′ Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑙𝑥𝑦′ Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑙𝑥𝑧′  Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑙𝑦𝑥′ Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑙𝑦𝑦′  Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑙𝑦𝑧′  Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑙𝑧𝑥′ Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑙𝑧𝑦′  Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑙𝑧𝑧′  Trigonometric Parameter for stress transformation from 𝑥′𝑦′𝑧′ to 𝑥𝑦𝑧 coordinate system - 

𝑚𝑓 Mass of pore fluid kg 

𝑝 Pore pressure Pa 

𝑝(𝐼) Pore pressure in segment I Pa 

𝑝(𝐼𝐼) Pore pressure in segment II Pa 

𝑝(𝐼𝐼𝐼) Pore pressure in segment III Pa 
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𝑝(2) Pore pressure in diffusion state Pa 

𝑝(3) Pore pressure in poro-elastic deviatoric stress loading state Pa 

𝑝0 Pore pressure at reference state Pa 

𝑝̃(2) Pore pressure in diffusion state obtained by Laplace transform Pa 

𝑝̃3 Pore pressure in poro-elastic deviatoric stress loading state obtained by Laplace transform Pa 

𝑝𝑚 Mud pressure Pa 

𝑞 Flow factor in Mohr-coulomb failure criterion - 

𝑟 Distance from the wellbore center Pa 

𝑠 Transform parameter in Laplace transform - 

𝑡 Time after drilling commencement s 

𝑥𝑦𝑧 Local wellbore coordinate system - 

𝑥′𝑦′𝑧′ Cartesian far-field coordinate system - 

𝑥″𝑦″𝑧″ Principal stress coordinate system - 

   

𝛼 Biot’s coefficient - 

𝛽 Dependent parameter in Laplace transform - 

𝛿 Kronecker delta - 

𝛿𝑖𝑗  Kronecker delta in ij direction - 

𝜁 Increment of fluid content - 

𝜂 Poro-elastic stress coefficient Pa 

𝜃 Polar angel degree 

𝜃𝑟 Rotation angle  degree 

𝜃′′ Polar angle in 𝑥″𝑦″𝑧″ coordinate system degree 

𝜇 Internal friction angle coefficient - 

𝜉 Dependent parameter in Laplace transform - 

𝜌 Rock’s density Kg/m3 

𝜎 Stress Pa 
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𝜎1 Maximum applied stress on the rock during triaxial compression test Pa 

𝜎3 Minimum applied stress on the rock during triaxial compression test Pa 

   𝜎11 Axial stress applied on rock sample Pa 

𝜎22 Lateral stress applied on rock sample Pa 

𝜎33 Lateral stress applied on rock sample Pa 

𝜎𝐻 The highest horizontal in-situ stress Pa 

𝜎ℎ The least horizontal in-situ stress Pa 

𝜎𝑖𝑗 Total stress in ij direction Pa 

𝜎𝑛 Normal stress in Mohr-coulomb failure criterion Pa 

𝜎𝑟 Radial stress (Normal stress in radial direction) Pa 

𝜎𝑟𝑟 Radial stress Pa 

𝜎𝑟𝑟
(1)

 Radial stress in Lame state Pa 

𝜎𝑟𝑟
(2)

 Radial stress in diffusion state Pa 

𝜎𝑟𝑟
(3)

 Radial stress in poro-elastic deviatoric stress loading state Pa 

𝜎𝑟𝑟
(𝐼)

 Radial stress in segment I Pa 

𝜎𝑟𝑟
(𝐼𝐼)

 Radial stress in segment II Pa 

𝜎𝑟𝑟
(𝐼𝐼𝐼)

 Radial stress in segment III Pa 

𝜎𝑡 Tensile strength in Mohr-coulomb failure criterion Pa 

𝜎𝜃 Tangential stress (Normal stress in circumferential direction) Pa 

𝜎𝜃𝜃 Tangential stress Pa 

𝜎𝜃𝜃
(1)

 Tangential stress in Lame state Pa 

𝜎𝜃𝜃
(2)

 Tangential stress in diffusion state Pa 

𝜎𝜃𝜃
(3)

 Tangential stress in poro-elastic deviatoric stress loading state Pa 

𝜎𝜃𝜃
(𝐼)

 Tangential stress in segment I Pa 

𝜎𝜃𝜃
(𝐼𝐼)

 Tangential stress in segment II Pa 

𝜎𝜃𝜃
(𝐼𝐼𝐼)

 Tangential stress in segment III Pa 
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𝜎𝑥 In-situ normal stress component rotated to the wellbore coordinate system Pa 

𝜎𝑦 In-situ normal stress component rotated to the wellbore coordinate system Pa 

𝜎𝑧 Vertical stress in polar coordinate system Pa 

𝜎𝑧𝑧 In-situ normal stress component rotated to the wellbore coordinate system Pa 

𝜎𝑧𝑧
(𝐼)

 Vertical stress in segment I Pa 

𝜎𝑧𝑧
(𝐼𝐼)

 Vertical stress in segment II Pa 

𝜎𝑧𝑧
(𝐼𝐼𝐼)

 Vertical stress in segment III Pa 

𝜎𝑣 Vertical principal stress Pa 

𝜎´𝑖𝑗 Effective stress in ij direction Pa 

𝜎´𝑟 Effective radial stress (Normal stress in radial direction) Pa 

𝜎´𝜃 Effective tangential stress (Normal stress in tangential direction) Pa 

𝜎´𝑧 Effective vertical stress in polar coordinate system Pa 

𝜎  Effective stress Pa 

𝜎𝜃𝑚𝑎𝑥 Maximum tangential stress at wellbore wall Pa 

𝜎𝜃𝑚𝑖𝑛 Minimum tangential stress at wellbore wall Pa 

𝜎´𝜃𝑚𝑎𝑥 Maximum tangential effective stress at wellbore wall Pa 

𝜎´𝜃𝑚𝑖𝑛 Minimum tangential effective stress at wellbore wall Pa 

𝜎̃𝑟𝑟
(2)

 Radial stress in diffusion state obtained by Laplace transform Pa 

𝜎̃𝑟𝑟
(3)

 Radial stress in poro-elastic deviatoric stress loading state obtained by Laplace transform Pa 

𝜎̃𝜃𝜃
(2)

 Tangential stress in diffusion state obtained by Laplace transform Pa 

𝜎̃𝜃𝜃
(3)

 Tangential stress in poro-elastic deviatoric stress loading state obtained by Laplace transform Pa 

𝜎𝑥′′𝑥′′ Far-field normal stress at r→ ∞ in 𝑥″direction Pa 

𝜎𝑥′′𝑦′′ Far-field shear stress at r→ ∞ in 𝑥″𝑦′′plane Pa 

 𝜎𝑦′′𝑦′′ Far-field normal stress at r→ ∞ in 𝑦″direction Pa 

𝜅 Permeability coefficient - 

𝜌𝑓 Pore fluid density Kg/m3 
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𝜌𝑓0  Pore fluid density in the reference state Kg/m3 

𝜑 Rock’s porosity - 

𝜑𝑥 The angle between 𝑥′ axis and x axis degree 

𝜑𝑧 The angle between 𝑧′ axis and 𝑧 axis degree 

𝜙 Internal friction angle of rock degree 

𝜖 Volumetric strain - 

𝜖11 Axial strain - 

𝜖22 Lateral strain - 

𝜖𝑥𝑦 Shear strain in the direction of rock cross-sectional area Pa 

𝜏 Shear stress acting on the rock Pa 

𝜏𝑢 Rock’s shear strength Pa 

𝜏𝑟𝜃 Shear stress in 𝑟𝜃 plane Pa 

𝜏𝑟𝜃
(𝐼)

 Shear stress in 𝑟𝜃 plane related to segment I Pa 

𝜏𝑟𝜃
(𝐼𝐼)

 Shear stress in 𝑟𝜃 plane related to segment II Pa 

𝜏𝑟𝜃
(𝐼𝐼𝐼)

 Shear stress in 𝑟𝜃 plane related to segment III Pa 

𝜏𝑟𝜃
(3)

 Shear stress in poro-elastic deviatoric stress loading state Pa 

 𝜏𝑟𝑧 Shear stress in 𝑟𝑧 plane Pa 

𝜏𝑟𝑧
(𝐼)

 Shear stress in 𝑟𝑧 plane related to segment I Pa 

𝜏𝑟𝑧
(𝐼𝐼)

 Shear stress in 𝑟𝑧 plane related to segment II Pa 

𝜏𝑟𝑧
(𝐼𝐼𝐼)

 Shear stress in 𝑟𝑧 plane related to segment III Pa 

𝜏𝑥𝑦 Shear stress in 𝑥𝑦 plane (in wellbore coordinate system) Pa 

𝜏𝑥𝑧 Shear stress in 𝑥𝑧 plane (in wellbore coordinate system) Pa 

𝜏𝑦𝑧 Shear stress in 𝑦𝑧 plane (in wellbore coordinate system) Pa 

  𝜏𝜃𝑧 Shear stress in 𝜃𝑧 plane Pa 

𝜏𝜃𝑧
(𝐼)

 Shear stress in 𝜃𝑧 plane related to segment I Pa 

𝜏𝜃𝑧
(𝐼𝐼)

 Shear stress in 𝜃𝑧 plane related to segment II Pa 
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𝜏𝜃𝑧
(𝐼𝐼𝐼)

 Shear stress in 𝜃𝑧 plane related to segment III Pa 

𝜏̃𝑟𝜃
(3)

 Shear stress in poro-elastic deviatoric stress loading state obtained by Laplace transform Pa 

𝛹(r,θ) Stress function - 

𝜐 Drained Poisson’s ratio - 

𝜐𝑢 Undrained Poisson’s ratio - 

   

1

𝐾
 Drained compressibility of rock Pa-1 

1

𝐻
 Poro-elastic expansion coefficient of rock Pa-1 

1

𝑅´
 Unconstrained specific storage coefficient Pa-1 



149 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 1 and 2



Appendix 1: AVS tests under undrained loading condition. 

150 
 

Sample 1 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.4 66.0 66.0 3694 1419 1419 0.413 14.15 27.22 5.00 

2 7.0 7.0 32.2 65.8 65.8 3761 1429 1429 0.416 14.37 28.38 5.07 

3 10.6 10.5 32.0 65.6 65.6 3832 1439 1439 0.418 14.59 29.61 5.15 

4 14.1 14.0 31.8 65.4 65.4 3905 1449 1449 0.420 14.82 30.92 5.22 

5 17.8 17.5 31.6 65.4 65.4 3981 1449 1449 0.424 14.86 32.40 5.22 

6 20.9 20.5 31.4 65.2 65.2 4059 1460 1460 0.426 15.09 33.88 5.29 

7 24.1 23.6 31.4 65.2 65.2 4059 1460 1460 0.426 15.09 33.88 5.29 

8 27.7 26.9 31.4 65.2 65.2 4059 1460 1460 0.426 15.09 33.88 5.29 

9 31.1 30.1 31.4 65.2 65.2 4059 1460 1460 0.426 15.09 33.88 5.29 

10 34.6 33.5 31.4 65.2 65.2 4059 1460 1460 0.426 15.09 33.88 5.29 

11 38.0 36.6 31.4 65.2 65.2 4059 1460 1460 0.426 15.09 33.88 5.29 

12 41.5 39.9 31.4 65.2 65.2 4059 1460 1460 0.426 15.09 33.88 5.29 

Sample 2 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.2 32.4 66.0 66.0 3829 1471 1471 0.413 15.19 29.23 5.37 

2 6.9 6.4 32.4 65.8 65.8 3829 1482 1482 0.412 15.39 29.13 5.45 

3 10.4 9.7 32.2 65.8 65.8 3899 1482 1482 0.416 15.43 30.48 5.45 

4 13.9 12.9 32.0 65.6 65.6 3972 1492 1492 0.418 15.67 31.80 5.53 

5 17.7 16.4 32.0 65.4 65.4 3972 1502 1502 0.417 15.88 31.70 5.61 

6 20.7 19.1 32.0 65.0 65.0 3972 1524 1524 0.414 16.31 31.48 5.77 

7 24.1 22.2 32.0 65.0 65.0 3972 1524 1524 0.414 16.31 31.48 5.77 

8 27.7 25.3 32.0 65.0 65.0 3972 1524 1524 0.414 16.31 31.48 5.77 

9 31.1 28.4 32.0 65.0 65.0 3972 1524 1524 0.414 16.31 31.48 5.77 

10 34.7 31.5 32.0 65.0 65.0 3972 1524 1524 0.414 16.31 31.48 5.77 

11 38.3 34.7 32.0 65.0 65.0 3972 1524 1524 0.414 16.31 31.48 5.77 

12 41.7 37.5 32.0 65.0 65.0 3972 1524 1524 0.414 16.31 31.48 5.77 
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Sample3 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.6 66.4 66.4 3540 1366 1366 0.413 13.36 25.47 4.73 

2 6.9 6.9 32.4 66.0 66.0 3604 1385 1385 0.413 13.74 26.45 4.86 

3 10.3 10.1 32.0 65.8 65.8 3738 1394 1394 0.419 13.99 28.86 4.93 

4 13.8 13.5 31.8 65.6 65.6 3810 1404 1404 0.421 14.21 30.13 5.00 

5 17.2 16.9 31.4 65.4 65.4 3960 1414 1414 0.427 14.47 33.01 5.07 

6 20.8 20.4 31.2 65.2 65.2 4040 1424 1424 0.429 14.70 34.54 5.14 

7 24.2 23.7 31.2 65.2 65.2 4040 1424 1424 0.429 14.70 34.54 5.14 

8 27.7 27.1 31.2 65.2 65.2 4040 1424 1424 0.429 14.70 34.54 5.14 

9 31.2 30.5 31.2 65.2 65.2 4040 1424 1424 0.429 14.70 34.54 5.14 

10 34.6 33.7 31.2 65.2 65.2 4040 1424 1424 0.429 14.70 34.54 5.14 

11 38.2 37.1 31.2 65.2 65.2 4040 1424 1424 0.429 14.70 34.54 5.14 

12 41.5 40.2 31.2 65.2 65.2 4040 1424 1424 0.429 14.70 34.54 5.14 

Sample 4 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.2 66.2 66.2 3807 1427 1427 0.418 14.62 29.82 5.15 

2 7.0 7.0 32.0 66.0 66.0 3879 1437 1437 0.420 14.84 31.11 5.22 

3 10.6 10.5 31.8 65.8 65.8 3952 1447 1447 0.423 15.07 32.48 5.30 

4 14.1 14.0 31.6 65.4 65.4 4029 1467 1467 0.424 15.51 33.83 5.45 

5 17.8 17.5 31.4 65.4 65.4 4109 1467 1467 0.427 15.55 35.47 5.45 

6 20.9 20.5 31.2 65.2 65.2 4192 1478 1478 0.429 15.79 37.11 5.53 

7 24.2 23.6 31.2 65.2 65.2 4192 1478 1478 0.429 15.79 37.11 5.53 

8 27.8 27.0 31.2 65.2 65.2 4192 1478 1478 0.429 15.79 37.11 5.53 

9 31.2 30.2 31.2 65.2 65.2 4192 1478 1478 0.429 15.79 37.11 5.53 

10 34.6 33.4 31.2 65.2 65.2 4192 1478 1478 0.429 15.79 37.11 5.53 

11 38.3 36.9 31.2 65.2 65.2 4192 1478 1478 0.429 15.79 37.11 5.53 

12 41.5 39.9 31.2 65.2 65.2 4192 1478 1478 0.429 15.79 37.11 5.53 
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Sample 5 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.4 3.4 32.6 66.2 66.2 3761 1461 1461 0.411 14.94 28.01 5.29 

2 6.9 6.8 32.4 66.0 66.0 3829 1471 1471 0.413 15.17 29.19 5.37 

3 10.4 10.2 32.2 65.8 65.8 3899 1482 1482 0.416 15.40 30.43 5.44 

4 13.9 13.6 32.0 65.6 65.6 3972 1492 1492 0.418 15.65 31.75 5.52 

5 17.7 17.3 32.0 65.4 65.4 3972 1502 1502 0.417 15.85 31.65 5.60 

6 20.8 20.3 31.8 65.2 65.2 4048 1513 1513 0.419 16.11 33.04 5.68 

7 24.3 23.8 31.8 65.2 65.2 4048 1513 1513 0.419 16.11 33.04 5.68 

8 27.6 27.1 31.8 65.2 65.2 4048 1513 1513 0.419 16.11 33.04 5.68 

9 31.2 30.5 31.8 65.2 65.2 4048 1513 1513 0.419 16.11 33.04 5.68 

10 34.6 33.8 31.8 65.2 65.2 4048 1513 1513 0.419 16.11 33.04 5.68 

11 38.2 37.2 31.8 65.2 65.2 4048 1513 1513 0.419 16.11 33.04 5.68 

12 41.9 40.7 31.8 65.2 65.2 4048 1513 1513 0.419 16.11 33.04 5.68 

Sample 6 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.2 32.4 66.2 66.2 3649 1392 1392 0.415 14.19 27.75 5.01 

2 6.9 6.4 32.0 66.0 66.0 3785 1402 1402 0.420 14.44 30.27 5.08 

3 10.4 9.7 31.8 65.8 65.8 3857 1412 1412 0.423 14.67 31.61 5.15 

4 13.9 12.9 31.6 65.6 65.6 3932 1422 1422 0.425 14.90 33.02 5.23 

5 17.7 16.4 31.4 65.4 65.4 4010 1432 1432 0.427 15.13 34.52 5.30 

6 20.7 19.1 31.0 65.2 65.2 4175 1442 1442 0.432 15.40 37.92 5.38 

7 24.1 22.2 31.0 65.2 65.2 4175 1442 1442 0.432 15.40 37.92 5.38 

8 27.7 25.4 31.0 65.2 65.2 4175 1442 1442 0.432 15.40 37.92 5.38 

9 31.3 28.6 31.0 65.2 65.2 4175 1442 1442 0.432 15.40 37.92 5.38 

10 34.6 31.6 31.0 65.2 65.2 4175 1442 1442 0.432 15.40 37.92 5.38 

11 38.2 34.8 31.0 65.2 65.2 4175 1442 1442 0.432 15.40 37.92 5.38 

12 41.5 37.6 31.0 65.2 65.2 4175 1442 1442 0.432 15.40 37.92 5.38 
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Sample 7 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 3.6 32.6 66.4 66.4 3540 1366 1366 0.413 13.37 25.48 4.73 

2 7.1 7.0 32.4 66.0 66.0 3604 1385 1385 0.413 13.75 26.46 4.87 

3 10.4 10.3 32.4 66.0 66.0 3604 1385 1385 0.413 13.75 26.46 4.87 

4 14.0 13.8 32.2 65.8 65.8 3670 1394 1394 0.416 13.97 27.59 4.93 

5 17.2 16.9 32.0 65.6 65.6 3738 1404 1404 0.418 14.19 28.79 5.00 

6 20.8 20.3 31.6 65.2 65.2 3883 1424 1424 0.422 14.64 31.41 5.15 

7 24.2 23.6 31.6 65.2 65.2 3883 1424 1424 0.422 14.64 31.41 5.15 

8 27.7 26.9 31.6 65.2 65.2 3883 1424 1424 0.422 14.64 31.41 5.15 

9 31.4 30.4 31.6 65.2 65.2 3883 1424 1424 0.422 14.64 31.41 5.15 

10 34.6 33.4 31.6 65.2 65.2 3883 1424 1424 0.422 14.64 31.41 5.15 

11 38.1 36.6 31.6 65.2 65.2 3883 1424 1424 0.422 14.64 31.41 5.15 

12 41.6 39.9 31.6 65.2 65.2 3883 1424 1424 0.422 14.64 31.41 5.15 

Sample 8 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.4 66.2 66.2 3739 1427 1427 0.415 14.22 27.82 5.03 

2 7.0 6.9 32.4 66.0 66.0 3739 1437 1437 0.413 14.41 27.72 5.10 

3 10.5 10.4 32.2 65.8 65.8 3807 1447 1447 0.416 14.63 28.91 5.17 

4 14.1 13.9 32.0 65.6 65.6 3879 1457 1457 0.418 14.86 30.16 5.24 

5 17.7 17.4 31.8 65.6 65.6 3952 1457 1457 0.421 14.90 31.59 5.24 

6 20.8 20.4 31.8 65.4 65.4 3952 1467 1467 0.420 15.10 31.49 5.32 

7 24.2 23.6 31.8 65.4 65.4 3952 1467 1467 0.420 15.10 31.49 5.32 

8 27.7 26.9 31.8 65.4 65.4 3952 1467 1467 0.420 15.10 31.49 5.32 

9 31.1 30.2 31.8 65.4 65.4 3952 1467 1467 0.420 15.10 31.49 5.32 

10 34.7 33.6 31.8 65.4 65.4 3952 1467 1467 0.420 15.10 31.49 5.32 

11 38.3 37.0 31.8 65.4 65.4 3952 1467 1467 0.420 15.10 31.49 5.32 

12 41.5 39.9 31.8 65.4 65.4 3952 1467 1467 0.420 15.10 31.49 5.32 
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Sample 9 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.4 3.1 32.4 66.0 66.0 3694 1419 1419 0.413 14.05 27.03 4.97 

2 6.9 6.4 32.4 65.8 65.8 3694 1429 1429 0.412 14.23 26.94 5.04 

3 10.4 9.7 32.2 65.8 65.8 3761 1429 1429 0.416 14.27 28.19 5.04 

4 13.9 12.9 32.0 65.6 65.6 3832 1439 1439 0.418 14.49 29.41 5.11 

5 17.7 16.3 32.0 65.4 65.4 3832 1449 1449 0.417 14.68 29.31 5.18 

6 20.8 19.1 32.0 65.0 65.0 3832 1470 1470 0.414 15.08 29.11 5.33 

7 24.1 22.1 32.0 65.0 65.0 3832 1470 1470 0.414 15.08 29.11 5.33 

8 27.7 25.3 32.0 65.0 65.0 3832 1470 1470 0.414 15.08 29.11 5.33 

9 31.1 28.4 32.0 65.0 65.0 3832 1470 1470 0.414 15.08 29.11 5.33 

10 34.7 31.5 32.0 65.0 65.0 3832 1470 1470 0.414 15.08 29.11 5.33 

11 38.1 34.5 32.0 65.0 65.0 3832 1470 1470 0.414 15.08 29.11 5.33 

12 41.5 37.4 32.0 65.0 65.0 3832 1470 1470 0.414 15.08 29.11 5.33 

Sample 10 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.2 66.0 66.0 3761 1419 1419 0.417 14.37 28.85 5.07 

2 7.0 7.0 32.0 65.8 65.8 3832 1429 1429 0.419 14.59 30.10 5.14 

3 10.6 10.5 31.8 65.6 65.6 3905 1439 1439 0.421 14.82 31.43 5.21 

4 14.1 14.0 31.6 65.4 65.4 3981 1449 1449 0.424 15.06 32.83 5.29 

5 17.8 17.4 31.4 65.4 65.4 4059 1449 1449 0.427 15.09 34.43 5.29 

6 20.9 20.5 31.2 65.2 65.2 4141 1460 1460 0.429 15.33 36.02 5.36 

7 24.1 23.7 31.2 65.2 65.2 4141 1460 1460 0.429 15.33 36.02 5.36 

8 27.7 27.1 31.2 65.2 65.2 4141 1460 1460 0.429 15.33 36.02 5.36 

9 31.2 30.5 31.2 65.2 65.2 4141 1460 1460 0.429 15.33 36.02 5.36 

10 34.5 33.6 31.2 65.2 65.2 4141 1460 1460 0.429 15.33 36.02 5.36 

11 37.9 36.8 31.2 65.2 65.2 4141 1460 1460 0.429 15.33 36.02 5.36 

12 41.5 40.2 31.2 65.2 65.2 4141 1460 1460 0.429 15.33 36.02 5.36 
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Sample 11 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.2 66.0 66.0 3670 1385 1385 0.417 13.83 27.78 4.88 

2 7.0 7.0 32.0 65.8 65.8 3738 1394 1394 0.419 14.05 28.98 4.95 

3 10.5 10.5 31.8 65.6 65.6 3810 1404 1404 0.421 14.27 30.26 5.02 

4 14.1 14.0 31.6 65.4 65.4 3883 1414 1414 0.424 14.50 31.61 5.09 

5 17.7 17.4 31.4 65.4 65.4 3960 1414 1414 0.427 14.53 33.15 5.09 

6 20.8 20.5 31.2 65.2 65.2 4040 1424 1424 0.429 14.76 34.68 5.16 

7 24.1 23.6 31.2 65.2 65.2 4040 1424 1424 0.429 14.76 34.68 5.16 

8 27.7 27.1 31.2 65.2 65.2 4040 1424 1424 0.429 14.76 34.68 5.16 

9 31.1 30.4 31.2 65.2 65.2 4040 1424 1424 0.429 14.76 34.68 5.16 

10 34.6 33.7 31.2 65.2 65.2 4040 1424 1424 0.429 14.76 34.68 5.16 

11 38.2 37.1 31.2 65.2 65.2 4040 1424 1424 0.429 14.76 34.68 5.16 

12 41.5 40.2 31.2 65.2 65.2 4040 1424 1424 0.429 14.76 34.68 5.16 

Sample 12 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.6 66.4 66.2 3628 1400 1410 0.412 14.25 26.93 5.05 

2 7.0 6.9 32.4 66.0 66.0 3694 1419 1419 0.413 14.56 28.02 5.15 

3 10.5 10.3 32.2 65.8 65.8 3761 1429 1429 0.416 14.79 29.21 5.22 

4 13.9 13.7 32.0 65.6 65.6 3832 1439 1439 0.418 15.02 30.48 5.30 

5 17.5 17.2 31.8 65.6 65.6 3905 1439 1439 0.421 15.06 31.93 5.30 

6 20.8 20.4 31.6 65.2 65.4 3981 1460 1449 0.423 15.40 33.30 5.41 

7 24.2 23.7 31.6 65.2 65.4 3981 1460 1449 0.423 15.40 33.30 5.41 

8 27.7 27.1 31.6 65.2 65.4 3981 1460 1449 0.423 15.40 33.30 5.41 

9 31.3 30.6 31.6 65.2 65.4 3981 1460 1449 0.423 15.40 33.30 5.41 

10 34.6 33.8 31.6 65.2 65.4 3981 1460 1449 0.423 15.40 33.30 5.41 

11 38.0 37.0 31.6 65.2 65.4 3981 1460 1449 0.423 15.40 33.30 5.41 

12 41.6 40.4 31.6 65.2 65.4 3981 1460 1449 0.423 15.40 33.30 5.41 
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Sample 13 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.0 65.0 65.0 3551 1363 1363 0.414 13.21 25.51 4.67 

2 7.0 6.8 32.0 64.8 64.8 3551 1372 1372 0.412 13.39 25.42 4.74 

3 10.5 10.3 31.8 64.8 64.8 3619 1372 1372 0.416 13.43 26.64 4.74 

4 14.1 13.8 31.6 64.6 64.6 3689 1382 1382 0.418 13.64 27.84 4.81 

5 17.3 17.0 31.6 64.4 64.4 3689 1393 1393 0.417 13.83 27.75 4.88 

6 21.0 20.5 31.6 64.0 64.0 3689 1413 1413 0.414 14.22 27.55 5.03 

7 24.2 23.5 31.6 64.0 64.0 3689 1413 1413 0.414 14.22 27.55 5.03 

8 27.6 26.7 31.6 64.0 64.0 3689 1413 1413 0.414 14.22 27.55 5.03 

9 31.0 29.9 31.6 64.0 64.0 3689 1413 1413 0.414 14.22 27.55 5.03 

10 34.6 33.2 31.6 64.0 64.0 3689 1413 1413 0.414 14.22 27.55 5.03 

11 38.1 36.4 31.6 64.0 64.0 3689 1413 1413 0.414 14.22 27.55 5.03 

12 41.4 39.5 31.6 64.0 64.0 3689 1413 1413 0.414 14.22 27.55 5.03 

Sample 14 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.6 66.2 66.2 3584 1392 1392 0.411 13.90 26.06 4.92 

2 6.9 6.9 32.4 66.0 66.0 3649 1402 1402 0.413 14.11 27.16 4.99 

3 10.4 10.1 32.2 65.8 65.8 3716 1412 1412 0.416 14.33 28.32 5.06 

4 13.8 13.5 31.8 65.6 65.6 3857 1422 1422 0.421 14.60 30.95 5.13 

5 17.3 16.9 31.4 65.4 65.4 4010 1432 1432 0.427 14.86 33.90 5.21 

6 20.8 20.4 31.2 65.0 65.0 4091 1452 1452 0.428 15.30 35.37 5.36 

7 24.1 23.6 31.2 65.0 65.0 4091 1452 1452 0.428 15.30 35.37 5.36 

8 27.7 27.1 31.2 65.0 65.0 4091 1452 1452 0.428 15.30 35.37 5.36 

9 31.3 30.5 31.2 65.0 65.0 4091 1452 1452 0.428 15.30 35.37 5.36 

10 34.5 33.6 31.2 65.0 65.0 4091 1452 1452 0.428 15.30 35.37 5.36 

11 37.9 36.8 31.2 65.0 65.0 4091 1452 1452 0.428 15.30 35.37 5.36 

12 41.6 40.2 31.2 65.0 65.0 4091 1452 1452 0.428 15.30 35.37 5.36 
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Sample 15 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.8 66.4 66.4 3783 1485 1485 0.409 15.71 28.73 5.58 

2 7.0 6.9 32.6 66.2 66.2 3850 1496 1496 0.411 15.95 29.92 5.65 

3 10.5 10.3 32.6 66.2 66.2 3850 1496 1496 0.411 15.95 29.92 5.65 

4 13.9 13.6 32.4 66.0 66.0 3919 1506 1506 0.413 16.20 31.17 5.73 

5 16.9 16.5 32.4 65.8 65.8 3919 1516 1516 0.412 16.41 31.07 5.81 

6 20.8 20.2 32.4 65.4 65.4 3919 1538 1538 0.409 16.84 30.85 5.98 

7 24.3 23.5 32.4 65.4 65.4 3919 1538 1538 0.409 16.84 30.85 5.98 

8 27.8 26.8 32.4 65.4 65.4 3919 1538 1538 0.409 16.84 30.85 5.98 

9 31.0 29.9 32.4 65.4 65.4 3919 1538 1538 0.409 16.84 30.85 5.98 

10 34.8 33.4 32.4 65.4 65.4 3919 1538 1538 0.409 16.84 30.85 5.98 

11 37.9 36.4 32.4 65.4 65.4 3919 1538 1538 0.409 16.84 30.85 5.98 

12 41.4 39.6 32.4 65.4 65.4 3919 1538 1538 0.409 16.84 30.85 5.98 

Sample 16 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.8 66.4 66.4 3739 1468 1468 0.409 15.36 28.09 5.45 

2 7.0 6.9 32.4 66.2 66.2 3874 1478 1478 0.415 15.64 30.58 5.53 

3 10.5 10.3 32.2 66.0 66.0 3945 1489 1489 0.417 15.88 31.88 5.60 

4 13.9 13.6 32.0 65.6 65.6 4019 1509 1509 0.418 16.34 33.16 5.76 

5 17.7 17.4 31.8 65.4 65.4 4095 1520 1520 0.420 16.60 34.62 5.84 

6 20.8 20.4 31.6 65.2 65.2 4175 1531 1531 0.422 16.86 36.17 5.93 

7 24.2 23.6 31.6 65.2 65.2 4175 1531 1531 0.422 16.86 36.17 5.93 

8 27.7 27.0 31.6 65.2 65.2 4175 1531 1531 0.422 16.86 36.17 5.93 

9 31.1 30.3 31.6 65.2 65.2 4175 1531 1531 0.422 16.86 36.17 5.93 

10 34.7 33.7 31.6 65.2 65.2 4175 1531 1531 0.422 16.86 36.17 5.93 

11 38.0 36.9 31.6 65.2 65.2 4175 1531 1531 0.422 16.86 36.17 5.93 

12 41.6 40.2 31.6 65.2 65.2 4175 1531 1531 0.422 16.86 36.17 5.93 
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Sample 17 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.6 66.2 66.2 3938 1530 1530 0.411 16.73 31.36 5.93 

2 6.9 6.9 32.4 66.2 66.2 4009 1530 1530 0.415 16.77 32.79 5.93 

3 10.4 10.2 32.2 65.8 65.8 4083 1551 1551 0.416 17.25 34.08 6.09 

4 13.8 13.5 32.0 65.6 65.6 4159 1562 1562 0.418 17.52 35.56 6.18 

5 17.3 16.9 31.8 65.4 65.4 4238 1573 1573 0.420 17.80 37.12 6.27 

6 20.8 20.4 31.4 65.2 65.2 4406 1584 1584 0.426 18.12 40.68 6.36 

7 24.1 23.7 31.4 65.2 65.2 4406 1584 1584 0.426 18.12 40.68 6.36 

8 27.7 27.1 31.4 65.2 65.2 4406 1584 1584 0.426 18.12 40.68 6.36 

9 31.1 30.4 31.4 65.2 65.2 4406 1584 1584 0.426 18.12 40.68 6.36 

10 34.6 33.7 31.4 65.2 65.2 4406 1584 1584 0.426 18.12 40.68 6.36 

11 38.1 37.1 31.4 65.2 65.2 4406 1584 1584 0.426 18.12 40.68 6.36 

12 41.5 40.2 31.4 65.2 65.2 4406 1584 1584 0.426 18.12 40.68 6.36 

Sample 18 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.6 66.6 66.6 4071 1560 1560 0.414 17.44 33.78 6.17 

2 6.9 6.8 32.4 66.4 66.4 4144 1571 1571 0.416 17.71 35.20 6.25 

3 10.3 10.2 32.2 66.0 66.0 4220 1592 1592 0.417 18.22 36.58 6.43 

4 13.9 13.6 31.8 65.8 65.8 4381 1604 1604 0.423 18.55 39.96 6.52 

5 17.3 16.9 31.8 65.6 65.6 4381 1615 1615 0.421 18.79 39.84 6.61 

6 20.8 20.3 31.4 65.4 65.4 4554 1626 1626 0.427 19.13 43.64 6.70 

7 24.1 23.4 31.4 65.4 65.4 4554 1626 1626 0.427 19.13 43.64 6.70 

8 27.7 26.8 31.4 65.4 65.4 4554 1626 1626 0.427 19.13 43.64 6.70 

9 31.1 29.9 31.4 65.4 65.4 4554 1626 1626 0.427 19.13 43.64 6.70 

10 34.6 33.2 31.4 65.4 65.4 4554 1626 1626 0.427 19.13 43.64 6.70 

11 38.2 36.6 31.4 65.4 65.4 4554 1626 1626 0.427 19.13 43.64 6.70 

12 41.6 39.7 31.4 65.4 65.4 4554 1626 1626 0.427 19.13 43.64 6.70 
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Sample 19 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.6 66.6 66.6 3805 1458 1458 0.414 15.18 29.39 5.37 

2 7.0 6.9 32.4 66.4 66.4 3874 1468 1468 0.416 15.41 30.62 5.44 

3 10.5 10.3 32.2 66.2 66.2 3945 1478 1478 0.418 15.65 31.92 5.52 

4 13.9 13.6 32.2 65.8 65.8 3945 1499 1499 0.416 16.06 31.72 5.67 

5 17.7 17.2 31.8 65.4 65.4 4095 1520 1520 0.420 16.56 34.55 5.83 

6 20.8 20.2 31.4 65.2 65.2 4257 1531 1531 0.426 16.87 37.86 5.92 

7 24.1 23.3 31.4 65.2 65.2 4257 1531 1531 0.426 16.87 37.86 5.92 

8 27.6 26.6 31.4 65.2 65.2 4257 1531 1531 0.426 16.87 37.86 5.92 

9 31.2 29.9 31.4 65.2 65.2 4257 1531 1531 0.426 16.87 37.86 5.92 

10 34.5 33.0 31.4 65.2 65.2 4257 1531 1531 0.426 16.87 37.86 5.92 

11 38.0 36.2 31.4 65.2 65.2 4257 1531 1531 0.426 16.87 37.86 5.92 

12 41.6 39.6 31.4 65.2 65.2 4257 1531 1531 0.426 16.87 37.86 5.92 

Sample 20 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.2 66.0 66.0 3807 1437 1437 0.417 15.00 30.12 5.29 

2 7.0 7.0 32.0 65.8 65.8 3879 1447 1447 0.419 15.23 31.42 5.37 

3 10.5 10.3 31.8 65.6 65.6 3952 1457 1457 0.421 15.47 32.80 5.44 

4 13.9 13.7 31.6 65.4 65.4 4029 1467 1467 0.424 15.72 34.27 5.52 

5 17.3 16.9 31.4 65.4 65.4 4109 1467 1467 0.427 15.75 35.94 5.52 

6 20.8 20.2 31.2 65.2 65.2 4192 1478 1478 0.429 16.00 37.60 5.60 

7 24.1 23.3 31.2 65.2 65.2 4192 1478 1478 0.429 16.00 37.60 5.60 

8 27.7 26.7 31.2 65.2 65.2 4192 1478 1478 0.429 16.00 37.60 5.60 

9 31.2 29.9 31.2 65.2 65.2 4192 1478 1478 0.429 16.00 37.60 5.60 

10 34.7 33.2 31.2 65.2 65.2 4192 1478 1478 0.429 16.00 37.60 5.60 

11 38.0 36.3 31.2 65.2 65.2 4192 1478 1478 0.429 16.00 37.60 5.60 

12 41.7 39.6 31.2 65.2 65.2 4192 1478 1478 0.429 16.00 37.60 5.60 
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Sample 21 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 3.6 32.2 66.0 66.0 3945 1489 1489 0.417 15.73 31.59 5.55 

2 7.1 7.0 32.0 65.8 65.8 4019 1499 1499 0.419 15.98 32.96 5.63 

3 10.4 10.3 31.8 65.6 65.6 4095 1509 1509 0.421 16.23 34.41 5.71 

4 14.0 13.8 31.6 65.4 65.4 4175 1520 1520 0.424 16.48 35.95 5.79 

5 17.2 16.9 31.4 65.4 65.4 4257 1520 1520 0.427 16.52 37.69 5.79 

6 20.8 20.3 31.2 65.2 65.2 4343 1531 1531 0.429 16.78 39.43 5.87 

7 24.1 23.5 31.2 65.2 65.2 4343 1531 1531 0.429 16.78 39.43 5.87 

8 27.7 26.8 31.2 65.2 65.2 4343 1531 1531 0.429 16.78 39.43 5.87 

9 31.1 30.0 31.2 65.2 65.2 4343 1531 1531 0.429 16.78 39.43 5.87 

10 34.6 33.3 31.2 65.2 65.2 4343 1531 1531 0.429 16.78 39.43 5.87 

11 38.1 36.6 31.2 65.2 65.2 4343 1531 1531 0.429 16.78 39.43 5.87 

12 41.6 39.8 31.2 65.2 65.2 4343 1531 1531 0.429 16.78 39.43 5.87 

Sample 22 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.2 66.2 66.2 3899 1461 1461 0.418 15.00 30.60 5.29 

2 7.0 6.9 32.0 66.0 66.0 3972 1471 1471 0.420 15.23 31.92 5.36 

3 10.5 10.4 31.8 65.8 65.8 4048 1482 1482 0.423 15.47 33.32 5.44 

4 13.9 13.7 31.6 65.6 65.6 4126 1492 1492 0.425 15.71 34.81 5.51 

5 17.5 17.2 31.4 65.4 65.4 4208 1502 1502 0.427 15.95 36.40 5.59 

6 20.8 20.3 31.2 65.2 65.2 4293 1513 1513 0.429 16.21 38.08 5.67 

7 24.2 23.5 31.2 65.2 65.2 4293 1513 1513 0.429 16.21 38.08 5.67 

8 27.8 27.0 31.2 65.2 65.2 4293 1513 1513 0.429 16.21 38.08 5.67 

9 31.2 30.2 31.2 65.2 65.2 4293 1513 1513 0.429 16.21 38.08 5.67 

10 34.6 33.3 31.2 65.2 65.2 4293 1513 1513 0.429 16.21 38.08 5.67 

11 38.1 36.6 31.2 65.2 65.2 4293 1513 1513 0.429 16.21 38.08 5.67 

12 41.5 39.7 31.2 65.2 65.2 4293 1513 1513 0.429 16.21 38.08 5.67 
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Sample 23 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.4 66.0 66.0 3694 1419 1419 0.413 14.58 28.05 5.16 

2 6.9 6.9 32.0 65.8 65.8 3832 1429 1429 0.419 14.84 30.61 5.23 

3 10.3 10.2 31.8 65.6 65.6 3905 1439 1439 0.421 15.07 31.96 5.30 

4 13.8 13.6 31.6 65.4 65.4 3981 1449 1449 0.424 15.31 33.39 5.38 

5 17.2 16.9 31.4 65.2 65.2 4059 1460 1460 0.426 15.55 34.91 5.45 

6 20.8 20.3 31.0 65.2 65.2 4227 1460 1460 0.432 15.62 38.46 5.45 

7 24.2 23.5 31.0 65.2 65.2 4227 1460 1460 0.432 15.62 38.46 5.45 

8 27.9 27.1 31.0 65.2 65.2 4227 1460 1460 0.432 15.62 38.46 5.45 

9 31.4 30.4 31.0 65.2 65.2 4227 1460 1460 0.432 15.62 38.46 5.45 

10 34.6 33.4 31.0 65.2 65.2 4227 1460 1460 0.432 15.62 38.46 5.45 

11 38.2 36.7 31.0 65.2 65.2 4227 1460 1460 0.432 15.62 38.46 5.45 

12 41.6 39.9 31.0 65.2 65.2 4227 1460 1460 0.432 15.62 38.46 5.45 

Sample 24 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 3.5 32.4 65.4 65.4 3694 1449 1449 0.409 15.14 27.73 5.37 

2 7.0 6.9 32.2 65.2 65.2 3761 1460 1460 0.411 15.39 28.92 5.45 

3 10.4 10.3 32.0 65.0 65.0 3832 1470 1470 0.414 15.63 30.18 5.53 

4 13.8 13.6 32.0 65.0 65.0 3832 1470 1470 0.414 15.63 30.18 5.53 

5 17.3 17.0 32.0 65.0 65.0 3832 1470 1470 0.414 15.63 30.18 5.53 

6 20.8 20.3 31.8 64.4 64.4 3905 1503 1503 0.413 16.32 31.30 5.77 

7 24.2 23.5 31.8 64.4 64.4 3905 1503 1503 0.413 16.32 31.30 5.77 

8 27.7 26.8 31.8 64.4 64.4 3905 1503 1503 0.413 16.32 31.30 5.77 

9 31.3 30.1 31.8 64.4 64.4 3905 1503 1503 0.413 16.32 31.30 5.77 

10 34.7 33.4 31.8 64.4 64.4 3905 1503 1503 0.413 16.32 31.30 5.77 

11 38.2 36.6 31.8 64.4 64.4 3905 1503 1503 0.413 16.32 31.30 5.77 

12 41.5 39.6 31.8 64.4 64.4 3905 1503 1503 0.413 16.32 31.30 5.77 
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Sample 25 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.2 66.0 66.2 3670 1385 1375 0.418 14.17 28.69 5.00 

2 7.0 7.0 32.0 65.8 66.0 3738 1394 1385 0.420 14.39 29.93 5.07 

3 10.6 10.5 31.8 65.6 65.8 3810 1404 1394 0.422 14.62 31.24 5.14 

4 14.1 14.0 31.6 65.4 65.6 3883 1414 1404 0.424 14.85 32.64 5.21 

5 17.8 17.5 31.4 65.4 65.4 3960 1414 1414 0.427 14.98 34.17 5.25 

6 20.9 20.5 31.2 65.2 65.2 4040 1424 1424 0.429 15.22 35.76 5.32 

7 24.2 23.7 31.2 65.2 65.2 4040 1424 1424 0.429 15.22 35.76 5.32 

8 27.7 27.1 31.2 65.2 65.2 4040 1424 1424 0.429 15.22 35.76 5.32 

9 31.1 30.3 31.2 65.2 65.2 4040 1424 1424 0.429 15.22 35.76 5.32 

10 34.7 33.7 31.2 65.2 65.2 4040 1424 1424 0.429 15.22 35.76 5.32 

11 38.2 36.9 31.2 65.2 65.2 4040 1424 1424 0.429 15.22 35.76 5.32 

12 41.4 39.9 31.2 65.2 65.2 4040 1424 1424 0.429 15.22 35.76 5.32 

Sample 26 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.5 32.8 66.0 66.0 3739 1489 1489 0.406 15.79 27.95 5.62 

2 7.0 7.0 32.6 65.8 65.8 3805 1499 1499 0.408 16.04 29.11 5.70 

3 10.5 10.3 32.6 65.8 65.8 3805 1499 1499 0.408 16.04 29.11 5.70 

4 13.9 13.7 32.4 65.6 65.6 3874 1509 1509 0.410 16.29 30.34 5.78 

5 17.3 16.9 32.4 65.4 65.4 3874 1520 1520 0.409 16.51 30.23 5.86 

6 20.8 20.2 32.2 65.0 65.0 3945 1542 1542 0.410 16.99 31.41 6.03 

7 24.2 23.5 32.2 65.0 65.0 3945 1542 1542 0.410 16.99 31.41 6.03 

8 27.6 26.6 32.2 65.0 65.0 3945 1542 1542 0.410 16.99 31.41 6.03 

9 31.2 30.0 32.2 65.0 65.0 3945 1542 1542 0.410 16.99 31.41 6.03 

10 34.8 33.3 32.2 65.0 65.0 3945 1542 1542 0.410 16.99 31.41 6.03 

11 38.0 36.3 32.2 65.0 65.0 3945 1542 1542 0.410 16.99 31.41 6.03 

12 41.4 39.4 32.2 65.0 65.0 3945 1542 1542 0.410 16.99 31.41 6.03 
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Sample 27 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.2 66.0 66.0 3899 1471 1471 0.417 15.75 31.63 5.56 

2 7.0 6.9 32.0 66.0 66.0 3972 1471 1471 0.420 15.79 33.11 5.56 

3 10.5 10.3 31.8 65.6 65.6 4048 1492 1492 0.421 16.25 34.45 5.72 

4 14.1 13.9 31.6 65.4 65.4 4126 1502 1502 0.424 16.51 36.00 5.80 

5 17.3 17.0 31.4 65.2 65.2 4208 1513 1513 0.426 16.77 37.63 5.88 

6 21.0 20.6 31.2 65.0 65.0 4293 1524 1524 0.428 17.03 39.38 5.97 

7 24.2 23.6 31.2 65.0 65.0 4293 1524 1524 0.428 17.03 39.38 5.97 

8 27.8 27.0 31.2 65.0 65.0 4293 1524 1524 0.428 17.03 39.38 5.97 

9 31.4 30.5 31.2 65.0 65.0 4293 1524 1524 0.428 17.03 39.38 5.97 

10 34.5 33.4 31.2 65.0 65.0 4293 1524 1524 0.428 17.03 39.38 5.97 

11 38.2 36.8 31.2 65.0 65.0 4293 1524 1524 0.428 17.03 39.38 5.97 

12 41.9 40.2 31.2 65.0 65.0 4293 1524 1524 0.428 17.03 39.38 5.97 

Sample 28 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.2 66.0 66.0 3853 1454 1454 0.417 15.45 31.02 5.45 

2 7.0 6.9 32.0 65.8 65.8 3925 1464 1464 0.419 15.69 32.36 5.53 

3 10.5 10.3 31.8 65.6 65.6 4000 1474 1474 0.421 15.93 33.78 5.61 

4 13.9 13.7 31.6 65.4 65.4 4078 1485 1485 0.424 16.19 35.30 5.68 

5 17.7 17.4 31.4 65.2 65.2 4158 1495 1495 0.426 16.44 36.90 5.77 

6 20.8 20.3 31.2 65.2 65.2 4242 1495 1495 0.429 16.48 38.72 5.77 

7 24.3 23.7 31.2 65.2 65.2 4242 1495 1495 0.429 16.48 38.72 5.77 

8 27.7 26.9 31.2 65.2 65.2 4242 1495 1495 0.429 16.48 38.72 5.77 

9 31.3 30.4 31.2 65.2 65.2 4242 1495 1495 0.429 16.48 38.72 5.77 

10 34.6 33.4 31.2 65.2 65.2 4242 1495 1495 0.429 16.48 38.72 5.77 

11 38.1 36.7 31.2 65.2 65.2 4242 1495 1495 0.429 16.48 38.72 5.77 

12 41.5 39.8 31.2 65.2 65.2 4242 1495 1495 0.429 16.48 38.72 5.77 
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Sample 29 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.4 66.2 66.2 3694 1410 1410 0.415 14.08 27.54 4.98 

2 6.9 6.8 32.0 66.0 66.0 3832 1419 1419 0.420 14.33 30.05 5.05 

3 10.4 10.2 31.8 65.8 65.8 3905 1429 1429 0.423 14.56 31.37 5.12 

4 13.8 13.6 31.6 65.6 65.6 3981 1439 1439 0.425 14.78 32.77 5.19 

5 17.3 17.0 31.4 65.4 65.4 4059 1449 1449 0.427 15.02 34.26 5.26 

6 20.8 20.3 31.0 65.2 65.2 4227 1460 1460 0.432 15.29 37.63 5.34 

7 24.4 23.8 31.0 65.2 65.2 4227 1460 1460 0.432 15.29 37.63 5.34 

8 27.8 26.9 31.0 65.2 65.2 4227 1460 1460 0.432 15.29 37.63 5.34 

9 31.5 30.4 31.0 65.2 65.2 4227 1460 1460 0.432 15.29 37.63 5.34 

10 35.0 33.7 31.0 65.2 65.2 4227 1460 1460 0.432 15.29 37.63 5.34 

11 38.3 36.8 31.0 65.2 65.2 4227 1460 1460 0.432 15.29 37.63 5.34 

12 41.9 40.0 31.0 65.2 65.2 4227 1460 1460 0.432 15.29 37.63 5.34 

Sample 30 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

vu Eu (GPa) Ku (GPa) Gu (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 3.4 32.2 66.0 66.0 3853 1454 1454 0.417 14.79 29.70 5.22 

2 6.9 6.9 32.0 65.8 65.8 3925 1464 1464 0.419 15.02 30.99 5.29 

3 10.3 10.2 31.8 65.6 65.6 4000 1474 1474 0.421 15.26 32.35 5.37 

4 13.9 13.6 31.6 65.4 65.4 4078 1485 1485 0.424 15.50 33.80 5.44 

5 17.3 16.9 31.4 65.2 65.2 4158 1495 1495 0.426 15.75 35.34 5.52 

6 20.8 20.4 31.2 65.2 65.2 4242 1495 1495 0.429 15.78 37.08 5.52 

7 24.1 23.7 31.2 65.2 65.2 4242 1495 1495 0.429 15.78 37.08 5.52 

8 27.6 27.0 31.2 65.2 65.2 4242 1495 1495 0.429 15.78 37.08 5.52 

9 31.0 30.3 31.2 65.2 65.2 4242 1495 1495 0.429 15.78 37.08 5.52 

10 34.5 33.6 31.2 65.2 65.2 4242 1495 1495 0.429 15.78 37.08 5.52 

11 37.9 36.9 31.2 65.2 65.2 4242 1495 1495 0.429 15.78 37.08 5.52 

12 41.4 40.1 31.2 65.2 65.2 4242 1495 1495 0.429 15.78 37.08 5.52 
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Sample 1 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.4 0.1 36.0 63.4 63.4 2789 1560 1560 0.272 15.38 11.27 6.04 

2 6.9 0.1 35.6 63.2 63.2 2867 1572 1572 0.285 15.77 12.24 6.14 

3 10.4 0.1 35.2 62.8 62.8 2950 1596 1596 0.293 16.37 13.18 6.33 

4 13.9 0.1 34.8 62.6 62.6 3037 1609 1609 0.305 16.78 14.34 6.43 

5 17.3 0.1 34.4 62.6 62.6 3130 1609 1609 0.320 16.98 15.76 6.43 

6 20.9 0.1 34.2 62.6 62.6 3178 1609 1609 0.328 17.07 16.52 6.43 

7 24.3 0.1 34.2 62.6 62.6 3178 1609 1609 0.328 17.07 16.52 6.43 

8 28.0 0.1 34.2 62.6 62.6 3178 1609 1609 0.328 17.07 16.52 6.43 

9 31.0 0.1 34.0 62.4 62.4 3228 1621 1621 0.331 17.39 17.18 6.53 

10 34.5 0.1 34.0 62.4 62.4 3228 1621 1621 0.331 17.39 17.18 6.53 

11 38.2 0.1 34.0 62.4 62.4 3228 1621 1621 0.331 17.39 17.18 6.53 

12 41.4 0.1 34.0 62.4 62.4 3228 1621 1621 0.331 17.39 17.18 6.53 

Sample 2 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.4 0.1 36.0 63.4 63.4 2891 1617 1617 0.272 16.52 12.10 6.49 

2 7.1 0.1 35.8 63.4 63.4 2931 1617 1617 0.281 16.63 12.68 6.49 

3 10.8 0.1 35.4 63.2 63.2 3014 1629 1629 0.294 17.05 13.77 6.59 

4 13.9 0.1 35.0 63.2 63.2 3102 1629 1629 0.310 17.26 15.11 6.59 

5 17.7 0.1 34.8 63.2 63.2 3148 1629 1629 0.317 17.36 15.82 6.59 

6 20.9 0.1 34.8 63.2 63.2 3148 1629 1629 0.317 17.36 15.82 6.59 

7 24.1 0.1 34.8 63.2 63.2 3148 1629 1629 0.317 17.36 15.82 6.59 

8 27.7 0.1 34.8 63.2 63.2 3148 1629 1629 0.317 17.36 15.82 6.59 

9 31.2 0.1 34.6 63.2 63.2 3195 1629 1629 0.324 17.46 16.57 6.59 

10 34.6 0.1 34.6 63.2 63.2 3195 1629 1629 0.324 17.46 16.57 6.59 

11 38.2 0.1 34.6 63.2 63.2 3195 1629 1629 0.324 17.46 16.57 6.59 

12 41.5 0.1 34.6 63.2 63.2 3195 1629 1629 0.324 17.46 16.57 6.59 
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Sample 3 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.4 0.1 36.4 63.4 63.4 2649 1522 1522 0.254 14.72 9.96 5.87 

2 7.0 0.1 36.0 63.0 63.0 2721 1545 1545 0.262 15.28 10.70 6.05 

3 10.5 0.1 35.2 63.0 62.8 2878 1545 1557 0.295 15.80 12.86 6.10 

4 13.8 0.1 35.0 62.4 62.4 2920 1582 1582 0.292 16.40 13.16 6.34 

5 17.3 0.1 34.6 62.4 62.4 3008 1582 1582 0.309 16.61 14.48 6.34 

6 20.8 0.1 34.4 62.4 62.4 3053 1582 1582 0.317 16.71 15.18 6.34 

7 24.3 0.1 34.2 62.2 62.2 3101 1594 1594 0.320 17.02 15.78 6.45 

8 27.7 0.1 34.2 62.2 62.2 3101 1594 1594 0.320 17.02 15.78 6.45 

9 31.2 0.1 34.0 62.2 62.2 3150 1594 1594 0.328 17.12 16.56 6.45 

10 34.7 0.1 34.0 62.2 62.2 3150 1594 1594 0.328 17.12 16.56 6.45 

11 38.2 0.1 34.0 62.2 62.2 3150 1594 1594 0.328 17.12 16.56 6.45 

12 41.7 0.1 34.0 62.2 62.2 3150 1594 1594 0.328 17.12 16.56 6.45 

Sample 4 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.0 63.4 63.4 2823 1579 1579 0.272 16.06 11.76 6.31 

2 7.0 0.1 35.4 62.8 62.8 2943 1616 1616 0.284 16.97 13.12 6.61 

3 10.5 0.1 35.0 62.2 62.2 3029 1654 1654 0.288 17.84 13.99 6.93 

4 13.9 0.1 34.8 62.4 62.4 3074 1641 1641 0.301 17.74 14.83 6.82 

5 17.7 0.1 34.4 62.2 62.2 3168 1654 1654 0.313 18.18 16.17 6.93 

6 20.7 0.1 34.0 62.2 62.2 3268 1654 1654 0.328 18.39 17.79 6.93 

7 24.1 0.1 34.0 62.2 62.2 3268 1654 1654 0.328 18.39 17.79 6.93 

8 27.6 0.1 33.8 62.0 62.0 3320 1668 1668 0.331 18.74 18.52 7.04 

9 31.1 0.1 33.8 62.0 62.0 3320 1668 1668 0.331 18.74 18.52 7.04 

10 34.6 0.1 33.6 62.0 62.0 3374 1668 1668 0.338 18.84 19.43 7.04 

11 38.1 0.1 33.6 62.0 62.0 3374 1668 1668 0.338 18.84 19.43 7.04 

12 42.0 0.1 33.6 62.0 62.0 3374 1668 1668 0.338 18.84 19.43 7.04 
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Sample 5 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.2 63.4 63.4 2852 1617 1617 0.263 16.37 11.53 6.48 

2 7.1 0.1 35.8 63.4 63.4 2931 1617 1617 0.281 16.61 12.66 6.48 

3 10.9 0.1 35.2 63.2 63.2 3058 1629 1629 0.302 17.13 14.40 6.58 

4 13.9 0.1 35.0 63.0 63.0 3102 1642 1642 0.305 17.45 14.95 6.68 

5 17.7 0.1 35.0 63.0 63.0 3102 1642 1642 0.305 17.45 14.95 6.68 

6 21.0 0.1 34.8 63.0 63.0 3148 1642 1642 0.313 17.55 15.66 6.68 

7 24.2 0.1 34.6 62.6 62.6 3195 1668 1668 0.313 18.10 16.12 6.89 

8 27.7 0.1 34.4 62.0 62.0 3244 1708 1708 0.308 18.92 16.45 7.23 

9 31.1 0.1 34.4 62.0 62.0 3244 1708 1708 0.308 18.92 16.45 7.23 

10 34.8 0.1 34.4 62.0 62.0 3244 1708 1708 0.308 18.92 16.45 7.23 

11 38.4 0.1 34.2 61.8 61.8 3295 1722 1722 0.312 19.28 17.11 7.35 

12 41.7 0.1 34.2 61.8 61.8 3295 1722 1722 0.312 19.28 17.11 7.35 

Sample 6 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.0 63.8 63.8 2755 1518 1518 0.282 15.28 11.69 5.96 

2 7.1 0.1 35.4 63.6 63.6 2872 1529 1529 0.302 15.75 13.28 6.05 

3 10.8 0.1 34.8 62.6 62.6 3000 1589 1589 0.305 17.05 14.57 6.53 

4 13.9 0.1 34.4 62.4 62.4 3092 1602 1602 0.317 17.47 15.87 6.63 

5 17.3 0.1 34.0 62.4 62.4 3179 1602 1602 0.330 17.65 17.29 6.63 

6 20.8 0.1 33.6 62.4 62.4 3293 1602 1602 0.345 17.85 19.19 6.63 

7 24.2 0.1 33.6 62.4 62.4 3293 1602 1602 0.345 17.85 19.19 6.63 

8 27.7 0.1 33.6 62.4 62.4 3303 1602 1602 0.346 17.86 19.38 6.63 

9 31.1 0.1 33.4 62.4 62.4 3336 1602 1602 0.350 17.92 19.94 6.63 

10 34.9 0.1 33.4 62.4 62.4 3347 1602 1602 0.352 17.93 20.13 6.63 

11 38.1 0.1 33.2 61.8 61.8 3403 1641 1641 0.349 18.78 20.68 6.96 

12 41.5 0.1 33.2 62.0 62.0 3403 1627 1627 0.352 18.52 20.82 6.85 
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Sample 7 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.4 63.8 63.8 2649 1499 1499 0.265 14.42 10.21 5.70 

2 6.9 0.1 35.8 63.6 63.6 2759 1510 1510 0.286 14.88 11.59 5.79 

3 10.8 0.1 35.4 62.8 62.8 2829 1557 1557 0.283 15.78 12.10 6.15 

4 13.8 0.1 35.2 62.6 62.6 2878 1569 1569 0.288 16.10 12.68 6.25 

5 17.5 0.1 34.8 62.4 62.4 2963 1582 1582 0.301 16.52 13.81 6.35 

6 20.8 0.1 34.4 62.6 62.6 3053 1569 1569 0.320 16.51 15.32 6.25 

7 24.1 0.1 34.4 62.6 62.6 3053 1569 1569 0.320 16.51 15.32 6.25 

8 27.8 0.1 34.2 62.6 62.6 3101 1569 1569 0.328 16.60 16.06 6.25 

9 31.1 0.1 34.2 62.6 62.6 3101 1569 1569 0.328 16.60 16.06 6.25 

10 34.5 0.1 34.2 62.6 62.6 3101 1567 1567 0.329 16.55 16.09 6.23 

11 38.2 0.1 34.0 62.6 62.6 3140 1569 1569 0.333 16.67 16.68 6.25 

12 3.6 0.1 36.4 63.8 63.8 2649 1499 1499 0.265 14.42 10.21 5.70 

Sample 8 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 41.5 0.1 34.0 62.6 62.6 3150 1569 1569 0.335 16.69 16.84 6.25 

2 3.6 0.1 36.2 63.6 63.6 2789 1567 1567 0.269 15.39 11.13 6.06 

3 6.9 0.1 35.8 63.4 63.4 2856 1579 1579 0.280 15.76 11.94 6.15 

4 10.8 0.1 35.4 62.8 62.8 2943 1616 1616 0.284 16.56 12.80 6.45 

5 13.8 0.1 35.0 62.6 62.6 3029 1628 1628 0.297 16.98 13.93 6.55 

6 17.5 0.1 34.6 62.4 62.4 3120 1641 1641 0.309 17.41 15.17 6.65 

7 20.8 0.1 34.6 62.4 62.4 3120 1641 1641 0.309 17.41 15.17 6.65 

8 24.1 0.1 34.6 62.4 62.4 3130 1641 1641 0.310 17.43 15.32 6.65 

9 27.6 0.1 34.4 62.4 62.4 3168 1641 1641 0.317 17.51 15.91 6.65 

10 31.0 0.1 34.4 62.4 62.4 3168 1641 1641 0.317 17.51 15.91 6.65 

11 34.7 0.1 34.4 62.4 62.4 3178 1641 1641 0.318 17.53 16.07 6.65 

12 38.0 0.1 34.2 62.4 62.4 3207 1641 1641 0.323 17.59 16.53 6.65 
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Sample 9 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.2 63.6 63.6 2752 1548 1548 0.269 15.00 10.80 5.91 

2 6.9 0.1 36.2 63.6 63.6 2744 1548 1548 0.267 14.98 10.70 5.91 

3 10.8 0.1 35.6 63.0 63.0 2867 1584 1584 0.280 15.85 12.03 6.19 

4 13.8 0.1 35.2 63.0 63.0 2950 1584 1584 0.297 16.06 13.21 6.19 

5 17.5 0.1 35.0 62.6 62.6 2993 1609 1609 0.297 16.56 13.58 6.38 

6 20.8 0.1 34.8 62.0 62.0 3037 1647 1647 0.292 17.30 13.83 6.70 

7 24.2 0.1 34.8 62.0 62.0 3037 1647 1647 0.292 17.30 13.83 6.70 

8 27.7 0.1 34.8 62.0 62.0 3037 1647 1647 0.292 17.30 13.83 6.70 

9 31.2 0.1 34.6 62.0 62.0 3076 1647 1647 0.299 17.39 14.41 6.70 

10 34.7 0.1 34.6 62.0 62.0 3083 1647 1647 0.300 17.41 14.52 6.70 

11 38.2 0.1 34.6 62.0 62.0 3083 1647 1647 0.300 17.41 14.52 6.70 

12 41.5 0.1 34.6 62.0 62.0 3092 1645 1645 0.303 17.39 14.69 6.67 

Sample 10 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.0 63.4 63.4 2789 1560 1560 0.272 15.58 11.42 6.12 

2 7.0 0.1 35.6 63.2 63.2 2867 1572 1572 0.285 15.98 12.40 6.22 

3 10.5 0.1 35.2 62.8 62.8 2958 1596 1596 0.295 16.61 13.48 6.41 

4 14.2 0.1 34.8 62.4 62.4 3037 1621 1621 0.301 17.21 14.39 6.62 

5 17.8 0.1 34.4 62.4 62.4 3130 1621 1621 0.317 17.43 15.83 6.62 

6 21.0 0.1 34.2 62.4 62.4 3178 1621 1621 0.324 17.52 16.60 6.62 

7 24.1 0.1 34.2 62.4 62.4 3178 1621 1621 0.324 17.52 16.60 6.62 

8 27.6 0.1 34.0 62.4 62.4 3228 1621 1621 0.331 17.62 17.41 6.62 

9 31.1 0.1 34.0 62.4 62.4 3228 1621 1621 0.331 17.62 17.41 6.62 

10 34.5 0.1 33.8 62.4 62.4 3270 1624 1624 0.336 17.74 18.06 6.64 

11 38.1 0.1 33.8 62.4 62.4 3270 1621 1621 0.337 17.69 18.09 6.62 

12 41.7 0.1 33.8 62.4 62.4 3280 1621 1621 0.338 17.71 18.26 6.62 

 



Appendix 2: AVS tests under drained loading condition. 

170 
 

Sample 11 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 35.8 63.4 63.4 2759 1522 1522 0.281 15.11 11.51 5.90 

2 6.9 0.1 35.4 63.2 63.2 2837 1533 1533 0.294 15.49 12.51 5.99 

3 10.5 0.1 35.0 62.8 62.8 2920 1557 1557 0.301 16.07 13.47 6.17 

4 13.9 0.1 34.4 62.4 62.4 3053 1582 1582 0.317 16.78 15.24 6.37 

5 17.4 0.1 34.2 62.4 62.4 3101 1582 1582 0.324 16.87 15.99 6.37 

6 20.9 0.1 34.0 61.8 61.8 3150 1620 1620 0.320 17.65 16.34 6.68 

7 24.1 0.1 33.8 61.8 61.8 3200 1620 1620 0.328 17.75 17.16 6.68 

8 27.7 0.1 33.8 61.8 61.8 3200 1620 1620 0.328 17.75 17.16 6.68 

9 31.3 0.1 33.8 61.8 61.8 3205 1618 1618 0.329 17.71 17.27 6.66 

10 34.6 0.1 33.6 61.8 61.8 3244 1624 1624 0.333 17.89 17.85 6.71 

11 38.0 0.1 33.6 61.8 61.8 3252 1620 1620 0.335 17.85 18.01 6.68 

12 41.5 0.1 33.6 61.8 61.8 3252 1620 1620 0.335 17.85 18.01 6.68 

Sample 12 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.4 0.1 36.6 64.0 64.0 2680 1525 1525 0.261 14.99 10.43 5.95 

2 6.9 0.1 36.0 63.4 63.4 2789 1560 1560 0.272 15.83 11.60 6.22 

3 10.3 0.1 35.4 62.8 62.8 2908 1596 1596 0.284 16.73 12.93 6.51 

4 13.9 0.1 35.2 62.4 62.6 2950 1621 1609 0.286 17.15 13.35 6.67 

5 17.3 0.1 34.8 62.2 62.4 3037 1634 1621 0.298 17.60 14.55 6.78 

6 20.7 0.1 34.6 62.4 62.4 3073 1621 1621 0.307 17.57 15.19 6.72 

7 24.3 0.1 34.6 62.4 62.4 3083 1621 1621 0.309 17.60 15.34 6.72 

8 27.7 0.1 34.6 62.4 62.4 3083 1621 1621 0.309 17.60 15.34 6.72 

9 31.3 0.1 34.6 62.4 62.4 3083 1619 1619 0.310 17.55 15.37 6.70 

10 34.7 0.1 34.4 62.4 62.4 3120 1621 1621 0.315 17.68 15.93 6.72 

11 38.1 0.1 34.4 62.4 62.4 3130 1621 1621 0.317 17.70 16.08 6.72 

12 41.4 0.1 34.4 62.4 62.4 3139 1621 1621 0.318 17.72 16.24 6.72 
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Sample 13 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 35.8 63.2 63.2 2621 1457 1457 0.276 13.63 10.16 5.34 

2 7.0 0.1 35.6 63.2 63.2 2657 1457 1457 0.285 13.73 10.65 5.34 

3 10.5 0.1 35.2 62.6 62.6 2734 1491 1491 0.288 14.41 11.35 5.59 

4 13.9 0.1 34.8 62.4 62.4 2815 1503 1503 0.301 14.78 12.36 5.68 

5 17.7 0.1 34.6 62.2 62.2 2857 1515 1515 0.305 15.07 12.85 5.77 

6 20.7 0.1 34.2 61.0 61.0 2946 1591 1591 0.294 16.48 13.35 6.37 

7 24.1 0.1 34.2 61.0 61.0 2946 1591 1591 0.294 16.48 13.35 6.37 

8 27.7 0.1 34.0 60.8 60.8 2983 1607 1607 0.296 16.84 13.72 6.50 

9 31.3 0.1 34.0 60.8 60.8 2983 1604 1604 0.296 16.79 13.75 6.48 

10 34.9 0.1 34.0 60.8 60.8 2992 1604 1604 0.298 16.82 13.90 6.48 

11 38.1 0.1 34.0 60.8 60.8 2992 1604 1602 0.299 16.80 13.91 6.47 

12 41.4 0.1 33.8 60.6 60.6 3029 1618 1618 0.300 17.13 14.31 6.59 

Sample 14 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.4 63.2 63.2 2682 1553 1553 0.248 15.28 10.11 6.12 

2 7.0 0.1 36.0 63.2 63.2 2755 1553 1553 0.267 15.52 11.12 6.12 

3 10.5 0.1 35.4 62.8 62.8 2872 1577 1577 0.284 16.22 12.54 6.31 

4 13.8 0.1 35.0 62.4 62.4 2956 1602 1602 0.292 16.84 13.51 6.52 

5 17.3 0.1 34.6 62.4 62.4 3045 1602 1602 0.309 17.06 14.87 6.52 

6 20.9 0.1 34.4 62.4 62.4 3092 1602 1602 0.317 17.16 15.59 6.52 

7 24.1 0.1 34.2 62.2 62.2 3140 1614 1614 0.320 17.48 16.21 6.62 

8 27.7 0.1 34.2 62.2 62.2 3140 1614 1614 0.320 17.48 16.21 6.62 

9 31.2 0.1 34.2 62.2 62.2 3149 1614 1614 0.322 17.50 16.37 6.62 

10 34.7 0.1 34.0 62.2 62.2 3189 1614 1614 0.328 17.58 17.01 6.62 

11 38.1 0.1 34.0 62.2 62.2 3189 1614 1614 0.328 17.58 17.01 6.62 

12 41.4 0.1 33.8 62.2 62.2 3230 1614 1614 0.333 17.66 17.67 6.62 
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Sample 15 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.4 64.0 64.0 2881 1618 1618 0.270 16.80 12.15 6.62 

2 7.1 0.1 36.0 63.8 63.8 2959 1630 1630 0.282 17.22 13.18 6.72 

3 10.8 0.1 35.8 63.6 63.6 3000 1642 1642 0.286 17.53 13.66 6.82 

4 13.9 0.1 35.4 63.4 63.4 3085 1655 1655 0.298 17.97 14.83 6.92 

5 17.3 0.1 35.2 63.4 63.4 3121 1655 1655 0.304 18.06 15.38 6.92 

6 20.8 0.1 35.2 63.4 63.4 3129 1655 1655 0.306 18.08 15.52 6.92 

7 24.2 0.1 35.2 63.4 63.4 3129 1655 1655 0.306 18.08 15.52 6.92 

8 27.8 0.1 35.2 63.4 63.4 3129 1655 1655 0.306 18.08 15.52 6.92 

9 31.3 0.1 35.2 63.4 63.4 3139 1655 1655 0.307 18.10 15.67 6.92 

10 34.6 0.1 35.0 63.4 63.4 3166 1655 1655 0.312 18.16 16.10 6.92 

11 38.3 0.1 35.0 63.4 63.4 3175 1655 1655 0.314 18.18 16.25 6.92 

12 41.6 0.1 35.0 63.4 63.4 3175 1652 1652 0.314 18.14 16.28 6.90 

Sample 16 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.4 63.4 63.4 2848 1636 1636 0.254 16.97 11.49 6.77 

2 7.1 0.1 35.8 63.4 63.4 2966 1636 1636 0.281 17.34 13.22 6.77 

3 10.9 0.1 35.4 63.4 63.4 3050 1636 1636 0.298 17.57 14.50 6.77 

4 13.9 0.1 35.0 63.4 63.4 3130 1636 1636 0.312 17.76 15.75 6.77 

5 17.7 0.1 35.0 63.0 63.0 3139 1661 1661 0.305 18.22 15.61 6.98 

6 21.0 0.1 34.6 63.0 63.0 3233 1661 1661 0.321 18.43 17.13 6.98 

7 24.1 0.1 34.6 63.0 63.0 3233 1661 1661 0.321 18.43 17.13 6.98 

8 27.7 0.1 34.6 63.0 63.0 3233 1661 1661 0.321 18.43 17.13 6.98 

9 31.2 0.1 34.6 63.0 63.0 3243 1661 1661 0.322 18.45 17.29 6.98 

10 34.6 0.1 34.4 63.0 63.0 3282 1661 1661 0.328 18.53 17.94 6.98 

11 37.9 0.1 34.4 63.0 63.0 3282 1661 1661 0.328 18.53 17.94 6.98 

12 41.7 0.1 34.2 62.4 62.4 3333 1700 1700 0.324 19.37 18.35 7.31 
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Sample 17 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.4 63.4 63.4 2947 1693 1693 0.254 18.19 12.32 7.26 

2 7.0 0.1 35.8 63.0 63.0 3069 1719 1719 0.271 19.03 13.87 7.48 

3 10.6 0.1 35.4 62.6 62.6 3147 1746 1746 0.278 19.72 14.79 7.72 

4 13.8 0.1 35.0 62.4 62.4 3237 1760 1760 0.290 20.23 16.07 7.84 

5 17.3 0.1 34.8 62.4 62.4 3296 1760 1760 0.301 20.40 17.06 7.84 

6 20.9 0.1 34.4 62.4 62.4 3397 1760 1760 0.317 20.65 18.76 7.84 

7 24.2 0.1 34.4 62.4 62.4 3397 1760 1760 0.317 20.65 18.76 7.84 

8 27.7 0.1 34.4 62.4 62.4 3407 1760 1760 0.318 20.67 18.94 7.84 

9 31.3 0.1 34.4 62.4 62.4 3407 1757 1757 0.319 20.62 18.97 7.82 

10 34.6 0.1 34.2 62.4 62.4 3450 1760 1760 0.324 20.77 19.68 7.84 

11 38.0 0.1 34.2 62.4 62.4 3450 1760 1760 0.324 20.77 19.68 7.84 

12 41.5 0.1 34.0 62.0 62.0 3493 1788 1788 0.322 21.41 20.10 8.10 

Sample 18 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.4 63.6 63.6 3046 1737 1737 0.259 19.26 13.33 7.65 

2 7.0 0.1 35.8 63.0 63.0 3172 1777 1777 0.271 20.35 14.84 8.00 

3 10.5 0.1 35.4 63.0 63.0 3262 1777 1777 0.289 20.64 16.31 8.00 

4 13.9 0.1 34.8 62.4 62.4 3407 1819 1819 0.301 21.82 18.25 8.39 

5 17.5 0.1 34.8 62.4 62.4 3418 1819 1819 0.302 21.85 18.42 8.39 

6 20.9 0.1 34.2 62.2 62.2 3555 1834 1834 0.319 22.48 20.67 8.52 

7 24.1 0.1 34.2 62.2 62.2 3566 1834 1834 0.320 22.50 20.87 8.52 

8 27.6 0.1 34.2 62.2 62.2 3566 1834 1834 0.320 22.50 20.87 8.52 

9 31.0 0.1 34.2 62.2 62.2 3577 1834 1834 0.322 22.53 21.07 8.52 

10 34.7 0.1 34.0 62.2 62.2 3611 1831 1831 0.327 22.55 21.72 8.50 

11 38.1 0.1 34.0 62.2 62.2 3622 1834 1834 0.328 22.63 21.89 8.52 

12 41.5 0.1 34.0 62.2 62.2 3622 1831 1831 0.328 22.57 21.93 8.50 
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Sample 19 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.5 0.1 36.6 63.4 63.4 2810 1636 1636 0.244 16.80 10.93 6.75 

2 7.1 0.1 36.0 63.4 63.4 2925 1636 1636 0.272 17.19 12.59 6.75 

3 10.3 0.1 35.6 63.4 63.4 3007 1636 1636 0.290 17.42 13.82 6.75 

4 13.9 0.1 35.4 63.4 63.4 3050 1636 1636 0.298 17.53 14.47 6.75 

5 17.5 0.1 35.0 63.4 63.4 3139 1636 1636 0.314 17.74 15.86 6.75 

6 21.0 0.1 34.4 63.0 63.0 3282 1661 1661 0.328 18.49 17.91 6.96 

7 24.2 0.1 34.4 63.0 63.0 3282 1661 1661 0.328 18.49 17.91 6.96 

8 27.7 0.1 34.4 63.0 63.0 3292 1661 1661 0.329 18.51 18.08 6.96 

9 31.2 0.1 34.2 63.0 63.0 3323 1661 1661 0.333 18.57 18.59 6.96 

10 34.6 0.1 34.2 63.0 63.0 3333 1661 1661 0.335 18.59 18.76 6.96 

11 38.1 0.1 34.0 62.8 62.8 3386 1674 1674 0.338 18.93 19.50 7.07 

12 41.9 0.1 34.0 62.8 62.8 3386 1674 1674 0.338 18.93 19.50 7.07 

Sample 20 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.2 63.2 63.2 2785 1591 1591 0.258 16.33 11.24 6.49 

2 7.1 0.1 35.6 62.8 62.8 2902 1616 1616 0.275 17.08 12.67 6.69 

3 10.5 0.1 35.2 62.8 62.8 2977 1616 1616 0.291 17.29 13.80 6.69 

4 13.8 0.1 35.0 62.8 62.8 3029 1616 1616 0.301 17.42 14.61 6.69 

5 17.3 0.1 34.6 62.8 62.8 3120 1616 1616 0.317 17.63 16.04 6.69 

6 20.8 0.1 34.4 62.8 62.8 3168 1616 1616 0.324 17.73 16.81 6.69 

7 24.1 0.1 34.2 62.8 62.8 3217 1616 1616 0.331 17.82 17.62 6.69 

8 27.7 0.1 34.2 62.8 62.8 3217 1616 1616 0.331 17.82 17.62 6.69 

9 31.2 0.1 34.2 62.8 62.8 3217 1616 1616 0.331 17.82 17.62 6.69 

10 34.9 0.1 34.2 62.8 62.8 3227 1616 1616 0.333 17.84 17.78 6.69 

11 38.2 0.1 34.0 62.6 62.6 3268 1628 1628 0.335 18.15 18.32 6.80 

12 41.7 0.1 34.0 62.6 62.6 3268 1628 1628 0.335 18.15 18.32 6.80 
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Sample 21 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.0 63.4 63.4 2925 1636 1636 0.272 17.06 12.50 6.70 

2 6.9 0.1 35.4 62.8 62.8 3050 1674 1674 0.284 18.03 13.94 7.02 

3 10.8 0.1 35.0 62.8 62.8 3139 1674 1674 0.301 18.27 15.32 7.02 

4 13.8 0.1 34.6 62.4 62.4 3233 1700 1700 0.309 18.96 16.53 7.24 

5 17.5 0.1 34.2 62.2 62.2 3333 1714 1714 0.320 19.44 18.02 7.36 

6 20.8 0.1 33.8 62.0 62.0 3440 1728 1728 0.331 19.91 19.67 7.48 

7 24.2 0.1 33.8 62.0 62.0 3440 1728 1728 0.331 19.91 19.67 7.48 

8 27.7 0.1 33.6 62.0 62.0 3485 1728 1728 0.337 20.00 20.45 7.48 

9 31.1 0.1 33.6 62.0 62.0 3496 1728 1728 0.338 20.02 20.65 7.48 

10 34.9 0.1 33.6 62.0 62.0 3496 1728 1728 0.338 20.02 20.65 7.48 

11 38.1 0.1 33.6 62.0 62.0 3507 1728 1728 0.340 20.04 20.85 7.48 

12 41.7 0.1 33.4 61.8 61.8 3542 1742 1742 0.341 20.38 21.30 7.60 

Sample 22 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.0 63.4 63.4 2891 1617 1617 0.272 16.47 12.07 6.47 

2 6.9 0.1 35.4 62.8 62.8 3006 1655 1655 0.283 17.39 13.33 6.78 

3 10.8 0.1 35.0 62.6 62.6 3102 1668 1668 0.297 17.86 14.65 6.89 

4 13.8 0.1 34.6 62.2 62.2 3186 1694 1694 0.303 18.52 15.66 7.11 

5 17.5 0.1 34.4 62.2 62.2 3254 1694 1694 0.314 18.68 16.75 7.11 

6 20.8 0.1 34.0 62.2 62.2 3336 1694 1694 0.326 18.85 18.08 7.11 

7 24.1 0.1 34.0 62.2 62.2 3346 1694 1694 0.328 18.87 18.26 7.11 

8 27.9 0.1 34.0 62.2 62.2 3346 1694 1694 0.328 18.87 18.26 7.11 

9 31.3 0.1 33.8 61.8 61.8 3400 1722 1722 0.328 19.49 18.84 7.34 

10 34.6 0.1 33.8 61.8 61.8 3400 1722 1722 0.328 19.49 18.84 7.34 

11 38.2 0.1 33.8 61.8 61.8 3405 1722 1722 0.328 19.50 18.93 7.34 

12 41.6 0.1 33.8 61.8 61.8 3411 1722 1722 0.329 19.51 19.03 7.34 
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Sample 23 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.4 0.1 36.0 63.4 63.4 2789 1560 1560 0.272 15.85 11.61 6.23 

2 7.1 0.1 35.4 63.4 63.4 2908 1560 1560 0.298 16.17 13.34 6.23 

3 10.8 0.1 34.8 62.2 62.2 3037 1634 1634 0.296 17.72 14.49 6.84 

4 13.9 0.1 34.4 62.2 62.2 3120 1634 1634 0.311 17.93 15.81 6.84 

5 17.7 0.1 34.2 62.2 62.2 3178 1634 1634 0.320 18.05 16.74 6.84 

6 20.9 0.1 33.6 62.0 62.0 3323 1647 1647 0.337 18.58 18.99 6.95 

7 24.1 0.1 33.6 62.0 62.0 3333 1647 1647 0.338 18.60 19.18 6.95 

8 27.7 0.1 33.6 62.0 62.0 3333 1647 1647 0.338 18.60 19.18 6.95 

9 31.2 0.1 33.4 61.8 61.8 3377 1661 1661 0.341 18.93 19.78 7.06 

10 34.7 0.1 33.4 61.8 61.8 3388 1661 1661 0.342 18.95 19.98 7.06 

11 38.2 0.1 33.2 61.4 61.4 3434 1688 1688 0.341 19.56 20.46 7.29 

12 41.6 0.1 33.2 61.4 61.4 3434 1688 1688 0.341 19.56 20.46 7.29 

Sample 24 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.0 63.4 63.4 2789 1560 1560 0.272 15.84 11.60 6.22 

2 6.9 0.1 35.6 63.4 63.4 2867 1560 1560 0.290 16.05 12.73 6.22 

3 10.5 0.1 35.2 62.8 62.8 2950 1596 1596 0.293 16.85 13.57 6.52 

4 13.9 0.1 35.0 62.8 62.8 2993 1596 1596 0.301 16.96 14.22 6.52 

5 17.4 0.1 34.8 62.4 62.4 3037 1621 1621 0.301 17.49 14.63 6.72 

6 20.9 0.1 34.4 61.8 61.8 3130 1661 1661 0.304 18.40 15.65 7.06 

7 24.2 0.1 34.4 61.8 61.8 3130 1661 1661 0.304 18.40 15.65 7.06 

8 27.7 0.1 34.2 61.6 61.6 3168 1674 1674 0.306 18.73 16.12 7.17 

9 31.3 0.1 34.2 61.6 61.6 3178 1674 1674 0.308 18.76 16.28 7.17 

10 34.9 0.1 34.2 61.6 61.6 3178 1674 1674 0.308 18.76 16.28 7.17 

11 38.2 0.1 34.2 61.6 61.6 3188 1674 1674 0.310 18.78 16.44 7.17 

12 41.9 0.1 34.0 61.6 61.6 3218 1674 1674 0.314 18.85 16.93 7.17 
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Sample 25 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 35.6 63.0 63.0 2797 1545 1545 0.280 16.05 12.18 6.27 

2 6.9 0.1 35.2 63.0 63.0 2878 1545 1545 0.297 16.26 13.38 6.27 

3 10.5 0.1 34.8 63.0 63.0 2963 1545 1545 0.313 16.46 14.69 6.27 

4 13.9 0.1 34.5 62.8 62.8 3021 1557 1557 0.319 16.79 15.47 6.37 

5 17.4 0.1 34.2 62.8 62.8 3101 1557 1557 0.331 16.95 16.75 6.37 

6 20.9 0.1 34.0 62.8 62.8 3150 1557 1557 0.338 17.04 17.55 6.37 

7 24.1 0.1 33.8 62.8 62.8 3200 1557 1557 0.345 17.12 18.39 6.37 

8 27.6 0.1 33.8 62.8 62.8 3200 1557 1557 0.345 17.12 18.39 6.37 

9 31.2 0.1 33.8 62.8 62.8 3210 1557 1557 0.346 17.14 18.57 6.37 

10 34.7 0.1 33.6 62.0 62.0 3263 1607 1607 0.340 18.17 18.90 6.78 

11 38.3 0.1 33.4 62.0 62.0 3295 1607 1607 0.344 18.23 19.46 6.78 

12 41.4 0.1 33.4 62.0 62.0 3306 1607 1607 0.345 18.24 19.65 6.78 

Sample 26 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 37.2 64.6 64.6 2704 1564 1564 0.249 15.49 10.27 6.20 

2 7.1 0.1 36.6 64.6 64.6 2810 1564 1564 0.276 15.83 11.75 6.20 

3 10.5 0.1 36.4 64.4 64.4 2848 1576 1576 0.279 16.11 12.16 6.30 

4 13.8 0.1 36.2 64.4 64.4 2886 1576 1576 0.288 16.21 12.72 6.30 

5 17.3 0.1 36.0 64.4 64.4 2925 1576 1576 0.296 16.31 13.30 6.30 

6 20.8 0.1 35.8 64.4 64.4 2966 1576 1576 0.303 16.41 13.90 6.30 

7 24.1 0.1 35.6 64.2 64.2 2999 1587 1587 0.305 16.68 14.28 6.39 

8 27.7 0.1 35.6 64.2 64.2 3007 1587 1587 0.307 16.70 14.40 6.39 

9 31.3 0.1 35.6 64.2 64.2 3015 1587 1587 0.308 16.72 14.53 6.39 

10 34.5 0.1 35.4 64.0 64.0 3050 1599 1599 0.310 16.99 14.93 6.48 

11 38.2 0.1 35.2 64.0 64.0 3085 1599 1599 0.316 17.07 15.48 6.48 

12 41.5 0.1 35.2 64.0 64.0 3102 1599 1599 0.319 17.10 15.75 6.48 
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Sample 27 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.4 63.8 63.8 2815 1593 1593 0.265 16.47 11.66 6.51 

2 7.1 0.1 36.0 63.6 63.6 2891 1605 1605 0.277 16.89 12.65 6.61 

3 10.5 0.1 35.6 63.4 63.4 2972 1617 1617 0.290 17.32 13.73 6.71 

4 13.8 0.1 35.2 63.0 63.0 3058 1642 1642 0.297 17.96 14.78 6.92 

5 17.3 0.1 34.8 62.8 62.8 3148 1655 1655 0.309 18.41 16.08 7.03 

6 20.8 0.1 34.4 62.8 62.8 3234 1655 1655 0.323 18.60 17.49 7.03 

7 24.1 0.1 34.4 62.8 62.8 3244 1655 1655 0.324 18.62 17.66 7.03 

8 27.6 0.1 34.4 62.8 62.8 3254 1655 1655 0.326 18.64 17.82 7.03 

9 31.3 0.1 34.4 62.8 62.8 3254 1655 1655 0.326 18.64 17.82 7.03 

10 34.6 0.1 34.2 62.8 62.8 3284 1655 1655 0.330 18.70 18.33 7.03 

11 38.2 0.1 34.2 62.8 62.8 3305 1655 1655 0.333 18.74 18.68 7.03 

12 41.7 0.1 34.2 62.8 62.8 3305 1655 1655 0.333 18.74 18.68 7.03 

Sample 28 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.0 63.4 63.4 2857 1598 1598 0.272 16.75 12.27 6.58 

2 7.0 0.1 35.4 62.8 62.8 2979 1635 1635 0.284 17.71 13.69 6.89 

3 10.5 0.1 35.0 62.6 62.6 3066 1648 1648 0.297 18.16 14.90 7.00 

4 13.4 0.1 34.8 62.6 62.6 3120 1648 1648 0.307 18.30 15.77 7.00 

5 17.4 0.1 34.4 62.4 62.4 3206 1661 1661 0.317 18.73 17.02 7.11 

6 20.7 0.1 34.0 62.2 62.2 3307 1674 1674 0.328 19.19 18.57 7.23 

7 24.1 0.1 34.0 62.2 62.2 3307 1674 1674 0.328 19.19 18.57 7.23 

8 27.8 0.1 33.8 62.2 62.2 3349 1674 1674 0.333 19.28 19.29 7.23 

9 31.2 0.1 33.8 62.2 62.2 3360 1674 1674 0.335 19.30 19.48 7.23 

10 34.7 0.1 33.6 62.0 62.0 3404 1688 1688 0.337 19.64 20.08 7.34 

11 38.1 0.1 33.6 62.0 62.0 3415 1688 1688 0.338 19.66 20.27 7.34 

12 41.4 0.1 33.6 62.0 62.0 3426 1688 1688 0.340 19.68 20.47 7.34 
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Sample 29 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.8 63.8 63.8 2645 1536 1536 0.245 14.73 9.64 5.91 

2 7.1 0.1 36.0 63.6 63.6 2789 1548 1548 0.277 15.33 11.48 6.00 

3 10.5 0.1 35.6 63.4 63.4 2867 1560 1560 0.290 15.72 12.47 6.09 

4 13.8 0.1 35.2 63.0 63.0 2950 1584 1584 0.297 16.30 13.41 6.28 

5 17.3 0.1 34.8 63.0 63.0 3037 1584 1584 0.313 16.50 14.72 6.28 

6 20.8 0.1 34.2 62.8 62.8 3178 1596 1596 0.331 16.99 16.79 6.38 

7 24.1 0.1 34.0 62.6 62.6 3218 1609 1609 0.333 17.29 17.30 6.48 

8 27.7 0.1 34.0 62.6 62.6 3228 1609 1609 0.335 17.30 17.46 6.48 

9 31.2 0.1 34.0 62.6 62.6 3228 1609 1609 0.335 17.30 17.46 6.48 

10 34.6 0.1 33.8 62.2 62.2 3280 1634 1634 0.335 17.86 18.03 6.69 

11 37.9 0.1 33.8 62.2 62.2 3291 1634 1634 0.336 17.88 18.20 6.69 

12 41.9 0.1 33.6 62.2 62.2 3333 1634 1634 0.342 17.95 18.91 6.69 

Sample 30 

Interval 

number 
Hydrostatic 

stress  

(MPa) 

Pore 

pressure 

(MPa) 

Time of flight (µs) Wave speed (m/s) 

v E (GPa) K (GPa) G (GPa) 
P-wave S1-wave S2 -Wave P-wave S1-wave S2-wave 

1 3.6 0.1 36.4 64.2 64.2 2781 1551 1551 0.275 15.13 11.19 5.94 

2 6.9 0.1 35.8 64.0 64.0 2897 1562 1562 0.295 15.61 12.68 6.03 

3 10.8 0.1 35.2 63.8 63.8 3022 1574 1574 0.314 16.07 14.39 6.12 

4 13.8 0.1 34.8 63.8 63.8 3111 1574 1574 0.328 16.25 15.75 6.12 

5 17.5 0.1 34.4 63.2 63.2 3206 1610 1610 0.331 17.04 16.85 6.40 

6 20.8 0.1 34.0 62.8 62.8 3307 1635 1635 0.338 17.67 18.21 6.60 

7 24.1 0.1 34.0 62.6 62.6 3307 1648 1648 0.335 17.90 18.07 6.71 

8 27.7 0.1 33.8 62.6 62.6 3360 1648 1648 0.342 17.99 18.94 6.71 

9 31.2 0.1 33.8 62.6 62.6 3360 1648 1648 0.342 17.99 18.94 6.71 

10 34.6 0.1 33.8 62.6 62.6 3360 1648 1648 0.342 17.99 18.94 6.71 

11 38.2 0.1 33.8 62.6 62.6 3360 1648 1648 0.342 17.99 18.94 6.71 

12 41.6 0.1 33.6 62.6 62.6 3415 1648 1648 0.348 18.08 19.85 6.71 

 


