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A B S T R A C T 

 

A Mechanical Earth Model (MEM) provides the geomechanical properties required for wellbore stability, well completion, hydraulic 
fracturing, and mud weight design. This study presents a one-dimensional MEM for a vertical well in a Berriasian–Santonian oilfield in 
southwest Iran. Shear wave velocity was not measured in the target well and was instead predicted from an adjacent offset well using a velocity 
matching algorithm that aligns compressional delay times. The novelty of this approach lies in systematically reconstructing missing shear 
data to enable MEM construction under data-limited conditions. The MEM includes pore pressure, in situ stress fields, and rock mechanical 
properties along the well path. Static laboratory tests were correlated with dynamic log data to generate continuous rock strength profiles. 
Using these inputs, a mud weight window was computed and compared with drilling operations. The predicted window showed good 
agreement with observed breakouts in FMI logs and daily drilling reports. Stability analysis across several intervals indicated that the most 
stable wellbore trajectory varies with depth due to changes in stress regime and mechanical properties. The method assumes sonic similarity 
between adjacent wells and is limited by the small number of core samples and incomplete log coverage. Nevertheless, the study demonstrates 
that velocity matching from an offset well is a practical tool for MEM development, improving wellbore stability prediction and trajectory 
optimization. 
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1. Introduction 

A Mechanical Earth Model (MEM) is a crucial tool in petroleum 
engineering, providing a quantitative description of rock mechanical 
properties and in-situ stresses in the subsurface. 1D MEM is the most 
common type, typically constructed using well-log data, direct pressure 
measurements, and rock strength parameters [1]. It provides profiles of 
in-situ stresses and mechanical properties of geological formations 
along a wellbore.   

Construction of a mechanical earth model is a perquisite to any 
geomechanical analysis. The MEM uses log data, core data, pressure, and 
stress measurements to build a reliable distribution of geomechanical 
properties of a reservoir. The MEM provides the required 
geomechanical properties for many engineering analyses including 
wellbores stability [2], completions and hydraulic fracturing design [3, 
4], selecting safe mud window, selection of casing points, and 
optimizing the number of casing strings [4–7].  A reasonably accurate 
MEM may considerably optimize the time and cost by predicting some 
of the problems that can occur during drilling and production 
operations. Predicting shear wave velocity is extremely important for 
Mechanical Earth Models (MEM). Shear wave velocity characterizes 
subsurface formations and influences geomechanical behavior [8, 9]. 
Accurate predictions are essential for assessing elastic properties and 
wellbore stability. Shear wave velocity is also crucial for modeling 
seismic wave propagation and interpreting seismic data [10–12]. 
Reliable predictions enhance MEM accuracy and enable more precise 
simulations of coupled processes. This contributes to better decision-
making in oil and gas reservoir exploration and production. 

 
 
 

In recent years, data-driven and ensemble-based approaches have 
been employed to predict elastic parameters in gas reservoirs by 
integrating multiple predictive models to improve robustness and 
uncertainty handling [13]. While such methods demonstrate the 
capability of indirect elastic property estimation in data-limited settings, 
they generally do not explicitly enforce stress–strain consistency and 
geomechanical constraints inherent to Mechanical Earth Models. 

A one-dimensional MEM consists of in situ stress field and pore 
pressure along with geomechanical properties of a well path. Pore 
pressure may be determined from leak-off and extended leak-off tests 
(LOT & XLOT), drill stem tests (DST), and modular formation dynamic 
tester (MDT). Abnormal pore pressures may occur if pore fluid cannot 
escape impermeable formations in case of rapid compaction [14, 15]. 
Many relations have been developed to predict pore pressure gradient 
from well logs. These relations use velocity, resistivity, and porosity data 
[16–22].  The dynamic properties may be determined from density logs 
and sonic logs. Many relations have also been proposed to determine 
static elastic properties from dynamic counterparts. However, these 
relations are only applicable to a range of rocks and are even limited to 
certain formations. There are various proposed relations to convert 
dynamic Young's modulus to static Young's modulus for Limestone, 
sandstone, shale etc [23–29]. Another set of relations estimates UCS 
from static Young's modulus [30–34]. However, the best estimation of 
geomechanical properties for a certain formation must be derived from 
a correlation between that formations log data and laboratory tests on 
cores. 
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In this study, a mechanical earth model is developed for an oilfield in 
Southwest of Iran. In situ stresses are determined using a leak-off test. 
The orientations of in situ stresses are determined from FMI and 
breakouts orientations in the well. The required relations are derived 
from correlations between log data and laboratory rock mechanic test 
results on the available cores. The MEM is verified with drilling reports 
and calipers log observations. A stability analysis is also provided, 
showing the optimized well path for the widest mud weight window. 

2. Geology and description of the oilfield 

The oilfield is situated in the southwestern region of Iran. It spans a 
length of 20 kilometers and has a width of 2.5 kilometers, stretching in 
a north-south direction. Its total area is approximately 52 km2. The well 
XX1 was drilled through multiple formations, namely Gurpi, Ilam, 
Sarvak, Kazhdumi, Dariyan, Gadvan, and Fahlian. Among these, the 
Sarvak, Kazdumi sandstone, Gadvan, and limestone intervals of the 
Fahliyan formations are the primary producing horizons in this field. 
These formations represent a range of ages, spanning from the early to 
late Cretaceous epoch. They primarily consist of Dolomite, Calcite, Clay, 
and Quartz. 

To construct the MEM, data from two wells were collected. The data 
obtained from well XX1 included wireline logs, mud weight, drilling 
reports, and 12 drill stem tests (DSTs). Additionally, data from an 
adjacent well XX2, including a leak-off test, compressional delay time 
(DT), and shear delay time (DTS), were also provided. The wireline logs 
in well XX1 provided information on thickness, lithology, and formation 
tops. They also included caliper, gamma ray, formation density, and 
compressional delay time (DT). The main inputs for computing the 
elastic properties of the formations are the sonic and density log data. 

3. In situ stress field 

In situ stresses play a determining role in wellbore stability 
evaluations. The vertical stress and two horizontal stresses are usually 
the principal stresses in a field (in absence of tectonic forces). Several 
methods have been developed to determine these stresses. Jaeger and 
Cook developed a method to determine principal stresses in a critically 
oriented fault at frictional limit [35]. Zoback et al. developed stress 
polygon concept to constrain stress magnitudes [36, 37]. The principal 
stresses usually (in absence of significant folding or salt domes) consist 
of the total vertical stress Sv the total minimum horizontal stress Sh and 
the total maximum horizontal stress SH. A main component in 
calculating the horizontal stresses is pore pressure. Therefore, pore 
pressure should be determined before stress calculations. 

3.1. Pore pressure 

Pore pressure Pp is an important component in an MEM, and critical 
to the calculation of horizontal stresses and wellbore stability analysis. 
Pore pressure in well XX1 is calculated based on the results of 12 DST 
tests in this well. An average pore pressure gradient resulting in the same 
pore pressures as those of DST results in the respective TVDs was used 
to calculate a continuous pore pressure profile throughout the well 
depth. As shown in "Pressures" track of Figure 1, pore pressure (shown 
with solid red line in Figure 1) is almost equal to hydrostatic pressure up 
to Fahlian formation. This formation is known for its high abnormal 
pressure. Therefore, drilling crew always drills through this formation 
with caution, using a high mud pressure (shown with solid black line in 
Figure 1) to prevent kick and blowout. 

3.2. Effect of Ore Hardness on Exhaust Fan Power and Mill Pressure 

The vertical stress is usually considered to be solely due to the weight 
of the overburden. Using continuous formation density, one may 
calculate the vertical stress Sv by integrating formation bulk density ρb 
from surface to TVD using the following equation: 

 

𝑆𝑣 = ∫ 𝜌𝑏
𝑧

0
(𝑧). 𝑔. 𝑑𝑧                                                                          (1) 

 
Figure 1. Stress profile for XX1 (estimated SH is based on LOT data and hydraulic 
fracturing theory). 

 
 

Eq. (1) utilizes the density from the surface to the desired depth, 
where z represents the true vertical depth. However, typically, the 
density log is only accessible in the reservoir layers. Therefore, to 
calculate the vertical stress, the missing density values were substituted 
with the average density of the overburden layers, based on their 
lithology (i.e. the percentage of calcite, dolomite, etc.). 

Determining the magnitude of Sh, one of the two horizontal stresses, 
is relatively more straightforward if it corresponds to the in-situ 
minimum stress (S3). By employing mini-frac and extended leak-off 
tests, indirect measurements of S3 (and often Sh) can be reasonably 
obtained. A comprehensive poro-elastic model encompasses tectonic 
strains and geothermal effects, thus accommodating anisotropic 
horizontal stresses. If the thermal terms are omitted, the model 
simplifies to the subsequent equations, which involve static Young's 
modulus E, static Poisson ratio ν, vertical total stress Sv, minimum and 
maximum total horizontal stresses Sh and SH, and pore pressure Pp: 

 

𝑆ℎ =
𝜈

1−𝜈
(𝑆𝑉 − 𝛼𝑃𝑝) + 𝛼𝑃𝑝 +

𝐸

1−𝜈2
(𝜀ℎ − 𝜈𝜀𝐻)                               (2) 

𝑆𝐻 =
𝜈

1−𝜈
(𝑆𝑉 − 𝛼𝑃𝑝) + 𝛼𝑃𝑝 +

𝐸

1−𝜈2
(𝜀𝐻 − 𝜈𝜀ℎ)                               (3) 

 

The horizontal strains εh and εH are considered as calibration factors 
in this study. They are adjusted to best-match the resulting horizontal 
stress estimations to the available leak-off test (LOT).  A leak off test 
data (from well XX2) was available. Figure 2 shows the LOT results in 
XX2 at TVD=2205m. It should be mentioned that the pressure of the 
mud column is added to the recorded bottomhole pressures of LOT 
results to present the overall pressures. A good presentation and 
pressure analysis for LOT is “Pressure-injection time” graphs used in 
Figure 2. Both leak-off point or LOP (corresponding to a distinct break-
in-slope) and FBP (fracture breakdown pressure) may be easily 
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determined from Figure 2. The LOP can be considered approximately 
equal to the least principal stress [38], or the minimum horizontal stress 
(if not a reverse faulting regime is dominant). Therefore, the resulted 
LOP is interpreted as the minimum total horizontal stress which is equal 
to 40.66 MPa. 

The "Kirsch solution" may be used to compute the initial stresses at 
the point of fracture. Fracture initiation (and therefore, pressure drop) 
takes place when the internal pressure, p, reaches its critical value, FBP. 
Therefore, the tangential stress σθ should become equal to the tensile 
strength σt. Applying this to the hydraulic fracturing test yields as a 
condition for creation of a hydraulic fracture and calculation of the 
maximum horizontal stress: 

 

𝑆𝐻 = 3𝑆ℎ − 𝐹𝐵𝑃 + 𝜎𝑡 − 𝑃𝑝                                                                           (4) 
 

The input parameters for calculating the maximum horizontal stress 
at 2205 m TVD are presented in Table 1. This results in a maximum 
horizontal stress equal to 57.69 MPa. 

A pair of stress values (Sh, SH) at TVD=2205m has been obtained. These values 
are used to calibrate Eqs. (2) and (3) by solving the equations for the two 
horizontal strains εh and εH at TVD=2205m. The calibration of Eqs. (2) and (3) 
with the resulted maximum and minimum horizontal stresses gave horizontal 
strains εh and εH equal to 0.9635 and 2.7091, respectively. These horizontal strain 
values are used to calculate horizontal stresses in all the XX1 length. The circle and 
the square symbols in stress track of Figure 1 show the calculated minimum and 
maximum horizontal stresses obtained from LOT data and Eq. (4), respectively.  
According to the derived stress field in Figure 1, a normal toward strike-slip stress 
regime is dominated in this field. The stress regime changes to normal in lower 
parts of the well in Gadvan and most parts of Fahlian formations. As it will be 
presented in the following, the resulted stresses alongside mud pressure can 
accurately show the stability state of the wellbore. This in agreement with the 
drilling report data and wellbore diameter changes measured by a caliper. Figure 
1 illustrates the stress profile for the studied well (XX1). 

3.3. In situ stress orientation 

Several methods for identifying stress direction are available 
including borehole breakout orientation, hydraulic fracture orientation, 
shear sonic anisotropy and dispersion and three components VSP [39]. 

Generally, in vertical wells and low-deviated wells, the orientation of 
borehole breakouts is aligned with the trend of minimum horizontal 
stress and drilling induced fractures are in direction of the maximum 
horizontal stress. However, it may not be the case with the highly 
deviated wells and particularly those wells that are not aligned with 
either of the two horizontal stresses.  

The image logs are particularly useful in detecting breakouts and 
induced fractures. The image log was available. Borehole breakouts were 
observed in several sections of the well. The hole is in gauge in almost 
all porous zones throughout the interval. Figure 3 shows an interval of 
the observed breakouts. 

Analysis of orthogonal calipers and their corresponding azimuthal 
data indicates that large majority of the borehole breakouts are elliptical 
in cross-section, the longer axis of which is oriented dominantly and 
persistently in the NW-SE direction (Figure 4). It indicates that the 
orientation of minimum horizontal stress (Sh) around XX1 well is 
almost NW-SE and the orientation of maximum horizontal stress (SH) 
is NE-SW. This orientation of in-situ stress is line with the orientation 
of regional stresses. 

4. Rock strength parameter 

Rock elastic properties represent the basic inputs for the estimation 
of rock strength and in-situ stresses, which can be later refined and 
calibrated to other available information. 

 
 
 

Table 1. Input parameters to calculate SH at 2205 m TVD. 

Sh (MPa) σt (MPa) FBP (MPa) Pp (MPa) 

40.66 3.22 44.46 23.055 
 
 
 

 
Figure 2. LOT results in XX2 at 2205m depth (pressures are bottomhole pressure). 

 

 
 

 

Figure 3. Breakout’s direction in XX2. 
 

 

 
 
Figure 4. a) Rosette diagram of breakouts direction, b) Horizontal stresses 
direction in top view of XX1 with respect to the breakouts. 
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4.1. Dynamic strength properties 

Assuming elastic isotropy and using the following equations, 
compressional and shear delay times and bulk density ρb from the well 
logs were used to calculate the dynamic elastic moduli according to Eqs. 
(5) to (8). 

 

𝐸𝑑𝑦 = (
𝜌

𝛥𝑡𝑃
2) [

3𝛥𝑡𝑃
2−4𝛥𝑡𝑆

2

𝛥𝑡𝑃
2−𝛥𝑡𝑆

2 ]                                                                   (5)  
 

𝐾𝑑𝑦 = 𝜌 [
3𝛥𝑡𝑃

2−4𝛥𝑡𝑆
2

3𝛥𝑡𝑃
2−𝛥𝑡𝑆

2 ]                                                                         (6) 
 

𝐺𝑑𝑦 = (
𝜌

𝛥𝑡𝑃
2)                                                                                     (7) 

 

𝜈𝑑𝑦 = (
1

2
) [

𝛥𝑡𝑃
2−2𝛥𝑡𝑆

2

𝛥𝑡𝑃
2−𝛥𝑡𝑆

2 ]                                                                        (8) 
 

where, ρ is density, and Δts and Δtp are shear and compressive 
slowness. Shear wave delay time (DTSM) is an important parameter in 
calculating dynamic elastic properties. It was not available in XX1.  The 
sonic wave data from well XX2 was used to synthesize the required 
DTSM for XX1. 

4.1.1. Matching DTSM from well XX2 
 

The DTSM was not available in well XX1. However, it was available 
in well XX2. XX2 is close to XX1 so it is assumed that they should have 
similar sonic logs. The compressional delay time (DT) of wells XX1 and 
XX2 was compared to make sure of the compatibility of their sonic data. 
The data were first smoothed to remove anomalous values. A code was 
developed to find the best matches between both well DT. The code uses 
an algorithm searching for the least difference (target function) of wells 
DTs in 50 m intervals. It is a simple least square function as follows: 

 

𝑆 = ∑ 𝑟𝑖
2𝑛

𝑖=1
, 𝑟𝑖 = 𝐷𝑇𝑋𝑋1 − 𝐷𝑇𝑌𝑌1                                               (9) 

 

DT of XX1 was considered as the base, then DT of XX2 was shifted 
in 50 m intervals of TVD to find the best match by minimizing Eq. (9). 
This led to many matched intervals, which had overlaps; these local 
overlapped intervals were combined resulting in the final 7 global 
matched intervals between XX1 and XX2. This included evaluating 
almost 30000 data of DT in both wells. Figure 5 shows two of the best 
matched data. An average value of 25 m shift-up in XX2 data was needed 
for the matched intervals. The matched DTs are assumed to have similar 
DTSM values. These DTSM intervals of XX2 were used to populate 
DTSM log for XX1 with the appropriate shift in the associated TVDs. 

There were also some intervals that no-good match was available. In 
these intervals a correlation of DT and DTSM values of well XX2 was 
used to predict DTSM values for XX1. Eq. (10) presents the derived 
correlation. As it is seen both in Figure 6 and from the coefficient of 
determination (R2= 92.27%) a good correlation has been achieved. 

 

𝐷𝑇𝑆𝑀 = 145.37 − 2.71𝐷𝑇 + 36.12 × 10−3𝐷𝑇2, R2 = 92.27%   (10) 
 

Figure 7 (a) shows XX1 smoothed DT along with the matched 
smoothed DTS from XX2. The blank spots belong to the parts of data 
that no-good match between XX2 and XX1 was found. These parts will 
be populated using the derived equation (Eq. (10)). Figure 7 (b) shows 
the final DTS derived for XX1 well. It is a combination of the matched 
parts of both wells and predicted DTS using Eq. (10) for the intervals 
with no good match (blank parts of DTS in Figure 7 (a)). To further 
evaluate the robustness of the prediction, the correlation between DT 
and DTSM values in well XX2 (Eq. 10) was assessed using standard error 
metrics. The coefficient of determination (R²=0.92) and the root-mean-
square error (RMSE=7.6 µs/ft) confirm that the correlation provides a 
reliable estimate of shear wave slowness. For the matched intervals 
between XX1 and XX2, the average mismatch between compressional 
delay times was below 3%, which supports the assumption that the 
corresponding DTSM values are comparable. While these indicators do 
not provide full statistical confidence intervals, they serve as practical 
confidence bounds for the synthesized DTSM profile in XX1. 

 
Figure 5. DT match between XX1 and XX2 (Based on XX1 TVD) a) from 2129.79 
m to 2560.78 m b) from 2700.07 m to 3550.77 m (XX2 data were averagely shifted 
25m up to match XX1). 
 

 
Figure 6. Correlation developed for prediction of DTSM in intervals of XX1 with 
no good match. 

4.2. Correlations between static and dynamic properties 

The dynamic properties are systematically different from the 
equivalent static values that are typically needed for subsequent 
geomechanics modeling and stress analysis. Laboratory measurements 
of these properties i.e. static counterparts are used to derive a correlation 
between dynamic and static moduli as well as Poisson’s ratio. UCS, 
Brazilian and Triaxial tests results were used to calibrate the continuous 
data for UCS, tensile strength, coefficient of friction angle, cohesion and 
Young’s modulus. As Figure 8 (a) shows there is a good correlation 
between Static Young’s modulus from laboratory and dynamic values 
obtained from logs. 

 

𝐸𝑆𝑡𝑎𝑡𝑖𝑐 = 0.234𝐸𝐷𝑦𝑛𝑎𝑚𝑖𝑐 + 3.033,        R2 = 87.50%                   (11) 
 

Based on the laboratory tests in this study the following correlation 
was used to evaluate static Poisson’s ratios from dynamic log values (also 
see Figure 8 (b)): 

 

𝜈𝑆𝑡𝑎𝑡𝑖𝑐 = −0.464𝜈𝐷𝑦𝑛𝑎𝑚𝑖𝑐 + 0.312,      R2 = 88.37%                  (12) 

4.3. Static strength properties 

Static elastic properties were determined from rock mechanical tests 
on 63 core plugs, which were prepared from available core interval. 
Standard tests including UCS, triaxial, Brazilian, and ultrasonic tests 
were carried out according to ASTM. 
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Figure 7. a) DT and matched DTSM for XX1 well, b) Final DTSM of XX1 well 
combining matched data and the predicted DTSM values from Eq. (2). 

 
To enhance the understanding of the laboratory data used for 

calibrating dynamic to static properties, we note that the 63 core plugs 
subjected to UCS, triaxial, Brazilian, and ultrasonic tests were obtained 
from the L. Gurpi, Ilam, Gadvan, and Fahlian formations in well XX1. 
These formations, spanning early to late Cretaceous, encompass key 
lithologies (dolomite, calcite, clay, and quartz) critical to the 
geomechanical analysis. While precise depth intervals for these core 
samples are not currently available, they were selected to represent the 
major lithological variations across the well's producing horizons.  

UCS is typically computed from log measurements. Uniaxial 
compressive tests or multi-stage triaxial compressive tests on whole core 
provide a method for point calibration of the continuous log. Several 
empirical equations exist for calculating UCS from log data. Most use 
compressive wave delay time (DT), moduli (Young’s modulus and/or 
shear modulus), porosity and other formation properties. However, 
many of the published correlations are based on very limited data sets, 
and the most commonly used relations were largely derived from tests 
on rock samples from mining engineering and similar hard-rock 
projects, where rock strengths are usually considerably greater than 
those encountered in oilfield applications. Consequently, these data and 
log strength correlations are heavily biased toward strong rocks and 
away from those more porous sedimentary rocks most commonly 
encountered in petroleum engineering applications. 

Tensile strength of the formation is used to evaluate the tensile failure 
of the borehole due to stress concentration. It was available from several 
laboratory Brazilian tests.  In well XX1 there are good correlations 
between laboratory UCS and tensile strength with the static Young’s 
modulus. Therefore, using the continuous profile of static Young’s 
modulus along the well, UCS and tensile strength were calculated 
continuously in all the well length. The correlations are illustrated in 
Figure 9. It should be mentioned that UCS tests were very few (only 7 
single tests in the entire well) and results contain higher uncertainty 
than other parameters. 

 

𝑈𝐶𝑆 = 2.931𝐸𝑆𝑡𝑎𝑡𝑖𝑐 − 10.122,         R2 = 89.94%                       (13) 

𝜎𝑡 = 0.1542𝐸𝑆𝑡𝑎𝑡𝑖𝑐 − 1.4426,           R2 = 80.1%                         (14) 
 

There were also 42 triaxial tests in various confining pressures. 
Young's modulus from triaxial tests are well-matched with the static log 
Young’s modulus which is based on Eq. (11). 

Figure 10 shows the various elastic properties calculated for well XX1. 
A good match between the static Young’s modulus and also Poisson's 
ratio computed from the logs and the respected core sample 
measurements is observed. This indicates the validity of the continuous 
profiles of elastic properties.  

Similar conclusion applies for the Poisson’s ratio. The correlation of 
lab and field data in Figure 10, for the tensile strength and coefficient of 
internal friction angle have not given a fair match around 4000 m TVD. 
A relation based on lithology may happen to result in a better match. 
However, due to the lack of sufficient data, a separate relation could not 
be developed for different lithologies. The best possible correlation 
based on the available data has been presented for each parameter. 

As mentioned before, DT and density are in error in several intervals 
(2491 m to 2593 m, 2567 m to 2575 m, 2592 m to 2595 m, 3012 m to 3031 
m, 3308 m to 3315 m). The resulted cohesion and coefficient of internal 
friction in these intervals should not be considered correct. 

 
 
 

 
Figure 8. Correlation of dynamic and static (laboratory tests results) elastic 
properties in XX1, a) Young's modulus, b) Poisson's ratio. 

 
 
 

 
Figure 9. Correlation of UCS and Tensile strength with static Young’s modulus in XX1. 
 

5. Mud weight window 

With an available MEM and the well trajectory, the stress 
concentrations around the borehole is calculated with the MEM as input 
data, and the principal stresses around the borehole can then be 
compared to the rock failure criteria to determine whether the borehole 
wall has failed or not. 

Wellbore instability due to rock failure is caused by two major types 
of failure, tensile or shear. Shear failure or breakout is usually caused by 
low mud weight while induced tensile fractures are due to application 
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of high mud weight. Several methods exist for predicting rock failure 
(and wellbore instability). Mohr Coulomb criterion is widely used to 
determine breakouts, and maximum tensile tangential stresses are 
compared to tensile strength for tensile failure possibility.  

One of the outputs of the wellbore stability analysis is a mud weight 
window. Figure 11 illustrates the concept of the mud weight window. 
Mud pressures less than critical breakout pressure cause pressure 
caving, wellbore washout, and/or kicks. Mud pressures above LOP or the 
minimum principal stress can re-open the natural factures/fissures, and 
causing loss of drilling fluid to the formation. When the mud pressure is 
higher than FBP, tensile failure can occur in the intact rock and 
hydraulic fractures will be induced in the borehole wall. 

It can be seen that an ideal mud weight would be higher than the pore 
pressure and the minimum mud weight for preventing breakout, but 
lower than the minimum horizontal stress and formation breakdown 
pressure (both safe and stable). 

The mud weight window has been computed along the trajectory of 
the well using the stress model and rock strength calculated for the 
MEM. Using the drilling reports, the applied mud weight is also added 
to the mud window. Applying the Mohr Coulomb failure criterion to 
XX1 well, shear failure and tensile failures are computed along the 
trajectory. Figure 12 shows a wellbore stability of XX1. From left to right 
tracks show Depth, Tops, Lithology, Actual caliper log data, Computed 
stresses, Equivalent mud window, and Pressure Window respectively. 

Pressures resulting in kick, loss, breakout, and induced tensile 
fractures are shown in Figure 12. The black line in “mud weight” and 
“Pressures” tracks indicates the mud weight and mu pressure 
respectively. If this curve lies in any of the shaded areas, there would be 
a risk of kick, loss, breakout, or induced tensile fractures depending on 
the crossed pressure type. 

The most problematic part of the well according the mud pressure 
used in XX1 was when the well was being drilled into Fahlian formation. 
Expecting high formation pressure (which is a common attribute of this 
formation), drill crew used a very high mud pressure in this section, 
causing massive mud loss. This is well predicted in Figure 12. 

The interaction of mud pressure and predicted break out pressure 
does not fairly match with the caliper log in Gadvan formation. It is due 
to the uncertainty in the results of stress estimation and mechanical 
properties of the host rocks. The petrophysical interpretation clearly 
shows existence of shale in Gadvan formation. However, the available 
data for determination of the properties are based on the upper and 
lower layers with high Calcite content. This leads to overestimation of 
mechanical properties in Gadvan formation, which in turn 
underestimates the minimum required mud pressure. Therefore, the 
mud window has predicted a more stable condition for this formation. 
Decreasing the mechanical properties at this formation, which is more 
realistic, will produce better matching data. However, due to lack of 
enough data at this depth, no data manipulation has been done on the 
output. A brief sensitivity consideration was also carried out to evaluate 
the effect of data quality on the mud window prediction. In formations 
with incomplete or low-quality input data, such as the Gadvan interval 
where density and sonic logs contain errors, the derived mechanical 
properties may be biased toward higher values. This leads to an 
underestimation of the minimum required mud pressure and thus a 
wider predicted mud weight window. While a full quantitative 
uncertainty analysis is not feasible with the current dataset, we 
emphasize that these limitations should be taken into account when 
interpreting the stability results. This discussion has also been reflected 
in the conclusions section, where the need for additional core and log 
data is highlighted for more reliable predictions. Key findings in relation 
to the failure analysis and history matching for XX1 are the following: 

 

• In the 12.25” hole, breakouts or/and washouts are predicted by 
the model across 2500-2570 m (Ilam), 3080-3109 (Sarvak) and 3580-
3760 m (Gadvan). The caliper logs confirm such borehole enlargement 
across these zones (as seen from Figure 12), 

• In the 3415-3450 interval, no drilling problems were reported in 
the drilling report and also model predicts no failure. It is believed that 
the failure visible on the caliper may have been generated when pulling 

out, 
• In 12.25” hole, the predicted breakdown pressure is very close 

to the mud weight used and therefore, tripping practices should be 
handled with care to avoid surge and/or swabbing, 

• In the 8.375” hole, the calipers show breakouts in the 3830-3880 
m section (upper Fahlian), which validates the shear failure predicted 
by the model. 

• In the 3950-TVD interval, no drilling problems were reported 
in the drilling report and also model predicts no failure. The caliper logs 
confirm such good borehole condition across these zones (as seen from 
Figure 12), 

 

The mud weight used in 8.375” hole is over the mud loss pressure and 
therefore, lower mud weight is recommended. Also, tripping practices 
should be handled with care to avoid surge and/or swabbing in this 
section. 

 
Figure 10. Continuous profile of elastic properties for XX1. 

 

 
Figure 11. The mud weight window concept. 

 

6. Wellbore trajectory sensitivity 

A wellbore trajectory sensitivity analysis on the effect of the borehole 
deviation and drilling azimuth on the mud weight window has been 
performed. The wellbore trajectory sensitivity is evaluated for two 
depths with different stress regimes. The presented outputs result from 
the MEM characteristics, more precisely rock strength and stresses. 
Using constructed MEM for XX1, the sensitivity analysis was done in 
depths 2850 m (strike-slip stress regime) and 3700 m (normal stress 
regime) based on different deviations and azimuths. Figure 13 shows the 
results of the calculation of minimum and maximum mud weight 
pressures required for a stable drilling. The minimum mud weight 
pressure is calculated allowing no breakout formation. The maximum 
mud weight is calculated allowing no formation of induced tensile 
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fractures. The center of the plotted circles shows a vertical well and the 
well deviation will increase by going further to the outside boundary of 
the circles. As shown in Figure 13 (a), a vertical or a deviated well (up to 
50°) in the direction of maximum horizontal stress (45° azimuth) in 
2850 m TVD is the least stable well. In addition, in Figure 13 (b) a 
horizontal well parallel to the maximum horizontal stress (45° azimuth) 
in 3700 m TVD is the worst case. On the contrary, drilling parallel to the 
minimum horizontal stress provides the most stable trajectory. 
According to Figure 13, the most stable well direction is almost 
horizontal with a minor deviation from the minimum horizontal stress 
in 2850 m depth and is vertical or fairly deviated (almost 15°) in the 
direction of the minimum horizontal stress (135° azimuth) in 3700 m 
TVD. Furthermore, the required minimum mud pressure (or mud 
weight) decreases as deviation increases in 2850 m TVD. It means that 
horizontal or highly deviated wells are more stable than vertical wells. 
The situation is vice versa in 3700 m TVD as the required minimum 
mud pressure increases by increase of deviation. Therefore, vertical or 
moderate deviated wells are more stable than horizontal wells in this 
depth (mostly in Gadvan and Fahlian formations). 

 

 
Figure 12. Wellbore stability analysis of XX1. 

 
Figure 13 also shows the maximum mud pressure to avoid induced 

tensile fractures. The results for the most stable well direction is 
basically the same considering the maximum mud pressures. In 2850 m 
TVD still the horizontal well in direction of the minimum horizontal 
stress is the most stable direction. In 3700 m TVD a more deviated well 
(almost 60°) in the same direction is the most stable direction.  

Since the stress field slightly changes between normal dominated 
stress regime and strike-slip dominated stress regime, the most stable 
direction also changes. Furthermore, the mud window in 3700 m (10.35 
ppg-16.04 ppg) is much narrower than 2850 m (10.61 ppg-33.42 ppg) 
TVD. A detailed study of wellbore path is required to propose a final 
optimum well trajectory. 

7. Conclusion 

Mechanical Earth Model (MEM) for XX1 was constructed. The shear 
wave delay time data of adjacent well was provided. A code was 
developed to find the best matches of compressional delay times in XX1 
and XX2. The matched intervals were assumed to have similar shear 
wave delay time values and intervals with no appropriate match were 
populated with a developed correlation. Dynamic and static elastic 
properties were calculated for the entire well depth. Then, pore pressure 
and in situ stress field was determined. A normal toward strike-slip 
dominated stress regime was observed in this field. Using the elastic 
properties and stress field, a mud window was calculated for XX1. The 

derived mud window alongside the mud pressure used in the well 
showed matching results with the drilling reports and caliper log which 
verifies the constructed MEM. The following results were concluded 
from the analysis of this well.  

 

 
Figure 13. Sensitivity analysis of wellbore stability regarding different directions. 
A) at 2850 m TVD, b) at 3700 m TVD. 
 
 
• The breakouts and/or washouts were detected form the MEM to 

be across 2500-2570 m (Ilam), 3080-3109 (Sarvak) and 3580-3760 
m (Gadvan).  

• Tripping practices should be handled with care to avoid surge 
and/or swabbing, especially in 12.25” hole. 

• Breakouts occurred in 3830-3880 m section (upper Fahlian). 
• The mud pressure used in Fahlian formation is over the mud loss 

pressure causing formation of induced tensile fractures and 
extensive mud loss. Therefore, a lower mud pressure in accordance 
with the provided mud window is recommended. Also, tripping 
practices should be handled with care to avoid surge and/or 
swabbing in this section. 

• Based on the minimum and maximum required mud pressure 
calculations, an almost horizontal well in a direction close to the 
minimum horizontal stress was found to be the most stable in 2850 
m TVD. Also, an average orientation of 135° (azimuth) with almost 
15° deviation from vertical is recommended for the most stable 
wellbore in 3700 m TVD. 
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