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Abstract
Wellbore instability issues represent the most critical problems in Iraq Southern fields. These problems, such as hole col-
lapse, tight hole and stuck pipe result in tremendous increasing in the nonproductive time (NPT) and well costs. The present 
study introduced a calibrated three-dimensional mechanical earth model (3DMEM) for the X-field in the South of Iraq. This 
post-drill model can be used to conduct a comprehensive geomechanical analysis of the trouble zones from Sadi Formation to 
Zubair Reservoir. A one-dimensional mechanical earth model (1DMEM) was constructed using Well logs, mechanical core 
tests, pressure measurements, drilling reports, and mud logs. Mohr–Coulomb and Mogi–Coulomb failure criteria determined 
the possibility of wellbore deformation. Then, the 1DMEMs were interpolated to construct a three-dimensional mechanical 
earth model (3DMEM). 3DMEM indicated relative heterogeneity in rock properties and field stresses between the south-
ern and northern of the studied field. The shale intervals revealed prone to failure more than others, with a relatively high 
Poisson’s ratio, low Young’s modulus, low friction angle, and low rock strength. The best orientation for directional Wells 
is 140° clockwise from the North. Vertical and slightly inclined Wells (less than 40°) are more stable than the high angle 
directional Wells. This integration between 1 and 3DMEM enables anticipating the subsurface conditions for the proactive 
design and drilling of new Wells. However, the geomechanics investigations still have uncertainty due to unavailability of 
enough calibrating data, especially which related with maximum horizontal stresses magnitudes.
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Introduction

During the lifetime of the oilfield, various operations and 
Well construction are affected by the regional stress state. 
One of these operations is the Well drilling that may cre-
ate disturbances to the original condition of the stresses 
forming mechanical instability near the wellbore (Fjar et al. 
2008). This wellbore instability may cause extensive drilling 
problems, adding more cost to the drilling in the explora-
tion and development stages (Mitchell 2001; Zhang 2019). 
Sophisticated drilling conditions like highly deviated Wells, 
multilateral Wells, horizontal Wells, depleted reservoirs, and 
Wells in high tectonic activity make the stability issues more 
challenging to handle (Abbas et al. 2018). Geomechanics 
can substantially decrease the stability issues by constructing 
a comprehensive mechanical earth model (MEM) to predict 
the state of stress and mechanical rock properties. MEM 
typically helps to design a stable mud window and orien-
tate the Well to a safe trajectory as possible (Abdulridha 
et al. 2020). The three dimensional mechanical earth model 
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(3DMEM) predicts the Geomechanical property between 
Wells which enables fully integrating geomechanics varia-
tions in geology, and trajectories in the planning of deviated 
and horizontal Wells where easy extraction of data along any 
trajectory (Hughes 2017). In addition, the 3D model pro-
vides more accurate and better problem visualization in each 
horizon for the entire field (Zamora Valcarce et al. 2006). 
Therefore, a 3DMEM is the best procedure for combining 
all the accessible information (Abdulridha et al. 2020). Geo-
statistics is highly demanded to populate the geomechanical 
parameters in three-dimensional models for long intervals 
and large areas where simulation needs a dynamic reservoir 
model, consumes time, and requires computers with high 
efficiency (Kadyrov and Tutuncu 2012).

Methods

This study presents a methodology to predict the opti-
mized wellbore trajectory with a safe mud window uti-
lizing 1DMEMs of each well and a 3DMEM constructed 
by interpolating the 1DMEMs. The input logs to build a 
1DMEM involve density, compressional and shear slow-
ness, porosity, Gamma-ray, caliper, and Formation Micro 
imager (FMI). Pore pressure measurements were available 
for the producing sandstone and limestone reservoirs. The 
laboratory mechanical measurements on core samples are 
carried out for the Sadi, Ahmadi, Nahr Umr, and Zubair 
formations. The dynamic elastic properties are calculated 
assuming homogeneous, isotropic, and elastic rocks using 
compression sonic (DTC) and shear sonic (DTS) and den-
sity logs (ρb) (Eqs. 1, 2, 3, and 4) (Zoback 2007). The static 
elastic properties are determined utilizing a correlation 
between dynamic and static measurements. The angle of 
internal friction is determined with a linear correlation from 
Gamma-ray. Gamma-ray of 120 gAPI is assigned to 20° fric-
tion angle, and 40 gAPI for 35°. If the friction angle falls 
outside this range, it is converged to the nearest value. The 
Static Young’s modulus correlation proposed by Dick Plumb 
(1994) (Plumb 1994) and modified in 2002 is used to deter-
mine the unconfined compressive strength (UCS or  C0) as in 
Eq. (5). Tensile strength  (TS) is calculated based on a simple 
correlation with the UCS as in Eq. (6) (Schlumberger 2018).
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where G is the dynamic shear modulus, K is the dynamic 
bulk modulus, Edyn is the dynamic Young’s modulus, and 
νdyn is the dynamic Poisson ratio.  FK is a facies and zone-
based factor (in this article, it is assumed to be 0.08).

The total overburden stress (σV) is calculated from the 
bulk density gradient in overlying rocks as shown in Eq. (7) 
(Aadnoy and Looyeh 2011). Eaton’s method utilizing the 
total vertical stress and acoustic log (Δt) to determine the 
pore pressure (Pp) of shale zones, Eq. (8) (Eaton 1975). For 
non-shale zones, the normal pore pressure  (Ppn) is calculated 
by applying the average pore fluid density. For quality assur-
ance, the computed pore pressure profile is compared to the 
direct measurement in the permeable zones. The poroelastic 
approach presents an effective method to determine the total 
horizontal stresses using Eqs. (9) and (10) (Higgins et al. 
2008). FMI and four-arm caliper log are utilized to deter-
mine the horizontal stresses orientations based on breakouts 
failure directions.

where "g" is the gravity acceleration, "h" is the vertical 
thickness of the rock formation, Δtn is the slowness in shales 
at normal pressure, and Δt is the slowness from the sonic 
log, "a" and "n" are fitting parameters named Eaton factor 
and Eaton exponent respectively, α is the Biot coefficient, 
E is the static Young’s modulus, and ν is the static Poisson 
ratio.

The failure criteria consider the stress concentration 
around the borehole to identify the stress values at which 
wellbore failure may occur (Matanovic et al. 2012; Manshad 
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et al. 2014). Wellbore stability analysis typically determines 
a safe drilling mud weight window. It predicts a synthetic 
borehole failure image based on the current mud weight, 
well trajectory, and the applied failure criterion. For the 
3DMEM construction, the data of 1DMEMs of studied wells 
are upscaled into the grids and spatially distributed using 
the kriging geostatistical method (Aminzadeh and Dasgupta 
2013).

Results and discussion

Numerous calculations have been made on the Well logs to 
reveal elastic properties, rock strength, vertical and horizon-
tal principal stresses, and pore pressure. These geomechani-
cal parameters of the (8½ʺ) section extending from Sadi to 
Zubair formations are evaluated at each Well and integrated 
to build 3DMEM of the X-Field.

Elastic properties

The calculated Static Poisson’s ratio (PR_STA) was rela-
tively high in limestone zones (0.22–0.28) and low in sand-
stone intervals (0.18–0.23), while shale has comparatively 
higher values than the sandstone rocks (0.20–0.24). How-
ever, the shale beds did not show consistent behaviour. 
The Poisson’s ratio values from laboratory tests (Lab_PR) 
were in the range of (0.25–0.3) in the limestone zones 
and 0.21 in shale beds. Poisson’s ratio varied vertically 
with the stratigraphic column as demonstrated in Fig. 1 
between (0.18–0.28). The Sadi and Ahmadi formations have Poisson’s ratio between 0.25 and 0.28. In the Zubair reser-

voir, it falls between 0.19 and 0.23. The lateral variations in 
Sadi formation are in the range of 0.26 to 0.27, as presented 
in Fig. 2. Generally, the Poisson’s ratio decreases towards the 
North of the field, which means that instability issues in the 
Sadi formation are less in the north area than in the south.

The results of Static Young’s modulus (YME_STA) 
decreased in shaly beds (1.17–4.67 Mpsi) and sandy 
intervals (2.29–3.28 Mpsi) and comparatively increased 
in limestone formations (2.28–5.53 Mpsi). The Young’s 
modulus values from laboratory tests (Lab_YME) were in 
the range of (1.96–5.37 Mpsi) in limestone zones and 4.02 
Mpsi in shale beds. Young’s moduli showed minor ertical 
variations (1.17–5.53 Mpsi), as demonstrated in Fig. 3. 
The Sadi formation has Young’s modulus between 2.04 
and 2.7 Mpsi. In Khasib, Rumaila, and Shuaiba forma-
tions, it falls between 2.15 and 5.53 Mpsi. Horizontally, 
there is significant heterogeneity in the Shuaiba formation 
(Fig. 4) grouped in three areas, which revealed the relation 
between the field’s rock mechanical properties and struc-
tural geology. The south area has values of Young’s modu-
lus between (3.0 and 3.5 Mpsi), the north area between Fig. 1  3D model of Static Poisson’s ratio

Fig. 2  Poisson’s ratio in Sadi formation



3412 Journal of Petroleum Exploration and Production Technology (2021) 11:3409–3420

1 3

(3.5 and 4.0 Mpsi), and the middle space between (4.0 and 
4.5 Mpsi). Hence, it is clear that the wellbore instability 
problems are most likely to occur in shale intervals than 
other units because of the relatively high Poisson’s ratio 
and low Young’s modulus. Accordingly, the drilling mud 
weight in Tanuma, Ahmadi, Nahr Umr, and Zubair forma-
tions must be determined carefully. In addition, surge and 
swab should be avoided while drilling these formations, 
especially with highly deviated Wells.

Rock strength properties

The calculated friction angle (FANG) was relatively high 
in limestone (30°–38°) and sandstone (31°–35°) inter-
vals and low in shale beds (26°–35°). The highest friction 
angle values are found in Khasib formation (32°–39°), and 
Mishrif reservoir (34°–38°), and the lowest values were in 
the Zubair reservoir (26°–34°), as presented in Fig. 5. The 
contour maps of Mishrif in Fig. 6 showed lateral friction 
angle variations (33°–38°). The southern area shows higher 
values of friction angle, and accordingly, the chance of Well-
instability problems is fewer.

he unconfined compressive rock strength (UCS) pre-
dictions showed high values in limestone (9300–18,700 
psi), moderate in sandstone (9900–11,700 psi) and low 
in shaly intervals (5000–17,000 psi). The UCS in Khasib, 
Mishrif, Rumaila, and Shuaiba formations were between 
(9000–18,700) psi, as presented in Fig. 7. Since the ten-
sile strength (TSTR) is calculated from the UCS, the TSTR 
and UCS display the same distribution. There are appar-
ent heterogeneous regions with rock strength (UCS) which 
plays a crucial role in wellbore stability analysis. In Khasib 

Fig. 3  3D model of Static Young’s modulus

Fig. 4  Static Young’s modulus in Shuaiba formation Fig. 5  Friction angle in the 3D model
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formation, it decreases towards the field’s northern area in 
the range between (5000 and 19,000 psi) (Fig. 8).

Overburden stress and pore pressure

The 3D model of the overburden stress clearly confirms that 
the vertical stress increases with depth (Fig. 9). The verti-
cal stress of the constructed model from Sadi to the end of 
Zubair formation falls between 6060 and 11,325 psi.

Pore pressure estimation utilizing Eaton’s method gave 
acceptable values for the shale zones comparable to the 
MDT result in the permeable zones. For non-shale zones, 
normal pore pressure (hydrostatic pressure) is determined 
using the average normal pore fluid density in X-field. 
The 3D pore pressure distribution results showed a deple-
tion region against the Mishrif reservoir (2700–3400 psi) 
and Zubair reservoir (4140–4320 psi) in the North of the 
study area. On the other hand, only the Zubair reservoir 
(4020–4560 psi) is depleted in the south of X-field (Fig. 10). 

Fig. 6  Friction angle distribution in Mishrif formation

Fig. 7  UCS in the 3D model

Fig. 8  UCS distribution in Khasib formation
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Figures 11 and 12 revealed that the pore pressure values 
variation towards the northern area of the field in Zubair 
and Mishrif reservoirs.

Fig. 9  Vertical stress in the 3D model

Fig. 10  Pore pressure distribution in Khasib formation

Fig. 11  Pore pressure in Mishrif reservoir

Fig. 12  Pore pressure in Zubair upper sand reservoir
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Horizontal stress magnitude

The maximum horizontal stress is highly affected by 
Young’s modulus, while the minimum horizontal stress is 
relatively consistent with Poisson’s ratio. The rocks with 
a higher Poisson’s ratio revealed higher horizontal stress. 
The 3D stress distribution models (Figs. 13 and 14) showed 
a stress variation through the stratigraphic column. It is 
observed that there are considerable variations in maximum 
horizontal stress magnitudes (6000–13,500 psi). The highest 
maximum principal horizontal stress is observed in Shuaiba 
formation in the range of (9900–13,500 psi). In Zubair/upper 

shale reservoir, the range was less than that in the Shuaiba 
formation (9000–10,000 psi). Generally, the studied field’s 
dominant stress regime was Strike-Slip, which prevailed in 
the limestone sections except for Maudud Formation report-
ing a Reverse regime. In addition, the Normal fault regime 
was predominant along shale beds.

Horizontal stress direction

The image logs and four-arm caliper logs (C1 and C2) 
data were obtained from the last Sect. (8½) of Well N1. 
A standard image processing workflow was implemented 
with the default parameters to produce static and dynamic 
images. Then, the breakouts are identified along with the 
studied interval. In Fig. 15, the picked breakout at depth 
(3195–3196.5 m) was oriented about 140°–150° clockwise 
from the North and shown in two scales: FMI and 2-arm 
caliper. Rose diagram (Fig. 16) presented the average ori-
entations of the picked breakouts along the studied section 
which revealed that the direction of minimum horizontal 
stress (breakouts orientation) towards NW–SE, about 140° 
or 320°. Since the maximum horizontal stress direction is 
orthogonal to minimum horizontal stress, the orientation of 
maximum horizontal stress is in NE-SW about 50° or 230° 
(Fig. 17).

Wellbore stability analysis

The wellbore stability of a vertical well is investigated from 
Sadi formation to Zubair reservoir. The safe drilling-fluid 
density range for maintaining wellbore stability is deter-
mined and simulated using the Mogi-Coulomb failure cri-
terion. Figure 18, Tack_4 displays the limits of the mud 
weight window, and the possible kick is marked near the 
right boundary of the grey shaded area as indicated by the 
magnitude of the mud weight. Alternatively, the minimum 
mud weight required to prevent shear failure (breakout) is 
restricted to the right boundary of the yellow shaded area. 
The minimum horizontal stress gradient is reserved to the 
left limit of the light blue area, but the formation break-
down pressure gradient is delineated by the left boundary 
of the dark blue area. The predicted borehole failures were 
wide breakouts (red-coloured, σθ > σz > σr), shallow knock-
outs (green-coloured, σz > σθ > σr), and high angle echelon 
(blue coloured, σz > σr > σθ) as presented in Track 5. Mogi-
Coulomb failure criterion showed a higher level of compat-
ibility with the Well observations and actual wellbore failure 
displayed by the caliper log in Track_6 and Track_7.

A sensitivity analysis at single depths was conducted to 
determine the influence of Well deviation and azimuth on 
the mud weight window. At depth 2267 m TVD (Mishrif 

Fig. 13  Max horizontal stress in the 3D model

Fig. 14  Min horizontal stress in the 3D model
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formation), a single depth sensitivity analysis was imple-
mented and visualized on both stereonet plots and line plots. 
Figure 19 illustrates the maximum mud weight that prevents 
formation breakdown with azimuth and deviation. Wells in 
the azimuth of minimum horizontal stress has the highest 

breakdown mud weight, especially for a high-inclination or 
horizontal wells. Fractures do not seem likely to occur in 
an inclination between about 40° and 90° towards the mini-
mum horizontal stress. Figure 20 presents a polar plot that 
shows the minimum mud weight required to avoid breakout 
with Well azimuth and deviation. This plot suggested that 

Fig. 15  Breakout failures on FMI and 2-arm caliper

Fig. 16  Rose plot of the azimuth mirror (Orientation of the break-
outs)

Fig. 17  Rose plot of the strike azimuth
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the low deviation Wells are more stable in all directions. 
Therefore, the optimum conditions to drill a stable borehole 
at this depth are to drill the boreholes towards the minimum 
horizontal stress with a deviation of less than (50°). The line 

plot in Fig. 21, the mud weight window with a deviation 
(0 –90°), showed that the mud weight window is narrow-
ing for inclinations above 25°. Figure 22 presented the safe 
mud weight window as a function of azimuth (0–360°) and 

Fig. 18  Wellbore stability analysis using Mogi-Coulomb criterion
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revealed that the azimuth has no effect on the mud weight 
window at this depth and current inclination.

However, the single depth sensitivity analysis is limited 
for a specific depth and does not determine the trajectory 
for a particular interval. Hence, the forecasting of mud 
weight and Well-trajectory is performed along with the 
studied interval. The stability forecasting was accom-
plished by implementing borehole sensitivity analysis 
with different parameters of mud weigh (11–12.6 ppg) and 
deviation (0°, 30°, 50°, 60°, 80°, 90°), along an azimuth 
parallel to the orientation of minimum horizontal stress 

(Fig. 23) as proposed by single depth sensitivity analysis 
in the troublesome shale intervals.

Conclusions

The conclusions are made according to the obtained 
results as follows:

• Shale has high Poisson’s ratio, low Young’s modulus, 
low friction angle, and low rock strength. Therefore, 
the planned wells should be carefully designed to avoid 
the instability problems in Tanuma, Ahmadi, Nahr Umr 
and Zubair formations where they are dominated by 
shale.

Fig. 19  Sensitivity analysis for deviation and azimuth versus break-
down mud weight

Fig. 20  Sensitivity analysis for deviation and azimuth versus breakout 
mud weight

Fig. 21  Sensitivity analysis for mud weight versus deviation

Fig. 22  Sensitivity analysis for mud weight versus azimuth
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• Pore pressure was depleted in the Zubair reservoir for the 
South X-field and in the Mishrif and Zubair reservoirs for 
the North X-field.

• 3DMEM shows relative heterogeneity in most rock prop-
erties and field stresses between the southern and north-
ern X-field.

Fig. 23  Borehole stability forecasting
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• Drilling the deviated and horizontal Wells towards the 
minimum horizontal stress (140° from the North clock-
wise) has less stress anisotropy, and accordingly, less 
likely of shear failures across the hazard intervals.

• Vertical and slightly inclined Wells (less than 40°) are 
more stable than the highly deviated and horizontal 
Wells.

• Increasing the current mud weight by (0.5–1.5) ppg will 
prevent the breakout failure. The proposed mud weight 
for the directional Wells extends between (12–12.6 ppg).
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