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Abstract

Rock Strength Properties (Internal Friction Angle ¢, Unconfined Compressive Strength UCS,
Cohesion C_o, Tensile Strength T_0) are considered the significant parameters of geomechanics
modeling affecting the rock failure criteria. Various researchers have developed rock strength for
specific lithology to estimate high-accuracy value estimation without a core. Previous analyses
did not account for the formation's numerous lithologies and interbedded layers. The main aim of
the present study is to select which the suitable correlation to predict these properties for hole depth
of formation without separating the lithology by using data from three wells along ten formations
(Tanuma, Khasib, Mishrif, Rumaila, Ahmady, Maudud, Nahr Umr, Shuaiba and Zubair). The
results revealed, after calibration with core test, that the Young’s Modulus correlations are the best
to predict UCS with RMSE equal to (53.23 psi). Furthermore, the result showed using the static
Young Modulus as an input parameter in predicting UCS gives closer result to the laboratory test
than using a sonic log. In this study, it was found that many of the previous equations were
developed for only one type of rock and tend to generalize poorly to the broader database. This
study further offers a more precise prediction of rock strength, hence improving the forecasting of
operational strategies and the planning of hydraulic fracturing locations in oil well development.
This is particularly beneficial in cases when geomechanical analysis must be conducted in the
absence of core samples. Finally, the formation's strength and stability surrounding the wellbore
may be inferred from the projected continuous rock mechanical profile.
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1. Introduction

Rock elastic properties like Young's modulus and Poisson's ratio, as well as uniaxial compressive
strength (UCS), are used to estimate in-situ stresses, examine wellbore stability, survey reservoir
compaction, and determine the ideal mud pressure for drilling [1, 2]. According to [3], the
elasticity of rocks may be evaluated with either dynamic or static techniques, while the
unconfined compressive strength (UCS) of rocks can only be estimated by using static techniques
and core tests. The dynamic approach allows for the measurement of compressional and shear
velocities, which may be conducted either in a laboratory setting or in the field. By using this
technique, it is possible to accurately calculate the elastic properties of the material. Empirical
correlations have been presented to solve the problem of inferring mechanical parameters from
wireline data [4-6]. These correlations estimate porosities or acoustic velocities by empirically
correlating laboratory-derived rock mechanical characteristics with geophysical well logs [7].
The fact that many of the same elements that impact rock mechanical characteristics also affect
porosity, velocity, and elastic moduli underlies these correlations [1]. To predict the UCS value
when no core is available for laboratory testing, several notable previous publications studied the
relationship between the UCS with the well log properties for specific formations and geological
settings, creating different UCS equations at specific setting [8-10]. According to [11], there are
a number of empirical correlations that estimate rock mechanical features using geophysical
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logging data. Case studies of geological features globally yielded these connections. Rock
mechanical profiles may be accurately and efficiently obtained by correlating porosity with
several rock mechanical characteristics. Rocks' strength and flexibility are influenced by their
porosity, as stated by [12]. Rock strength characteristics may be derived from porosity wireline
logs. In a study conducted by [13], the unconfined compressive strength was determined based
on porosity in sedimentary basins worldwide, with a particular focus on well compacted
sandstones exhibiting high cleanliness and porosity levels below 0.3. Rock porosity is shown to
have a direct empirical connection with unconfined compressive strength [14]. Using laboratory
research on sandstone core samples from the Germigny-sous-Coulombs structure in France, the
relationship was discovered. After measuring the porosity and rock mechanics characteristics of
North Sea sandstone cores, [15] found straightforward linear correlations between both, allowing
them to predict the rock mechanical profile in a continuous fashion. Edimann et al., [16] used the
power law function to suggest North Sea Tertiary shale transit time and UCS connection. Chang
et al., [1] synthesized UCS and acoustic transit time data for worldwide, Gulf of Mexico, and
Pliocene and younger shale. Onyia, [17] estimated the UCS from well logs for shale, sandstone,
limestone, dolomite, granite, and mixed lithologies. (Horsrud, 2001) [16] developed the UCS
estimation from compressional wave velocity for the North Sea area. Hareland and Nygaard
(2007) developed the equation for calculating the UCS from sonic transit time for sandstone,
shale, and mixed lithologies for onshore United Kingdom, offshore North Sea, and Norwegian
Sea. The studied interval passes through complex formations (these formations contain
limestone, dolomite, sandstone interbedded with beds of shale. The main advantage of the present
study is to find suitable correlation to predict the Rock Strength Properties for longer well section,
then, the operational cost can be decreased by minimizing the need to conduct core operations
and laboratory measurements. In this study, many previous correlations were applied to the data
of the three wells, and then the results are calibrated with the core data. Finally, statistical analysis
done to detect the suitable correlation which get a good match with laboratory tests, and can use
it to estimate the Rock Strength Properties for total depth of complex formations regardless the

lithology.

2. Available Data

All data in this work are collected from Southern lIraqgi oilfield. The data includes both
geophysical logging and mechanical properties and focused on formations consist of complex
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lithology (ex: shale interbedded with sandstone or limestone) [18]. In this study, three wells are
used for UCS prediction analysis, which are S1, S2 and S3. There are core tests available in
Tanuma, Mishrif, Nahr Umr and Zubair formations. Table (1) summarizes the well data used in

this study, Figure (1) represent the lithology description for studied wells, while Figures (2) and

(3) illustrated the available logs for each well.

Table (1) Well data summary.

Data
Well
Name Well Logs Static Rock Properties Core Data
Density Log Sonic Log P
S1 Available Available Not Available Available
S2 Available Available Not Available Available
S3 Available Available Not Available Available
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£ Group Formation | Lithology Description thickness
pous (m)
= :‘:‘;‘ Dibdibba |"". %" Sand & pebble 200
, A .
- Kuwait |Lower fars [ I ILE : I Clay St, Lstarg 170
Miocene R
S Ghar = r+1°J. .| Sand & subround pebble occ Clay 110
s PR N PN S
- M-L Eocene Dammam Dolomite, porous vuggy 210
] AAA Anhydrite white, massive
’ - Interbedded w\ Dolomite e
Umm-Er- Dolomite grey saccharoidol, inpart 450
Radhuma anhydritic
Tay Bituminous Shale at top, Dolomite, 220
grey
Shiranish Limestone marly 120
Hartha Lst,gloc,Dol,porous,locally 180
vuggy.Lst.grey ,arg.
Li stone white, chalcky, fine,
Sadi 260
Tanuma Shale: black-brown fissile 50
Khasib Limestone: grey shaly 45
Mishrif 3¢ : white detrital, porous, 150
rudist
Rumaila Limestone:, grey, marly 100
Ahmadi Shale: Dark grey, fissile w/ 140
Limestone: grey
Mauddud Limestone grey 110
Nahr Umr Shale black inter. w/ Sst 270
Shuaiba Lst, Doimaite fracture 85
h"-i—i Shale,fissile, w/ sandstone fine-m.
- e e ——— grained. Siit st, Clay st. -
Ratawi % Limestone with streaks of Shale 200
Yamama S Li tone, light grey 120
e — e—
Sulaiy % Limestone, argillaceous and marly 300

Fig. (1): Lithology description for Southern Iraqi Fields (INOC, 1979).
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Fig. (2): Bulk density graph for studied wells. Fig. (3): Compressional Wave Velocity
for studied wells.
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3. Methodology

« Following the identification of all essential and usable data files, non-ASCII files were

changed to ASCII files utilizing free software.

» The next step was to create a plot of the data to assess its accuracy.

« Once the log data has been loaded, rock may start doing property calculations.

» Estimate Dynamic and static Young’s Modulus.

» The angle of internal friction was estimated using Equation (5).

» Several models have been investigated, including (Coates Denoo 1963, MCNally 1987,
Vernic 1993, Plumb Sandstone Young Modulus 1994, Brad Ford 1996, static Young's
Modulus 2002, Moos 2003 and Novel 2021) to predict UCS by using Excel program.

» The cohesion was calculated using Equation (6).

+ Equation (7) is used to estimate the tensile strength.

« Calibration has been performed between the results and lab test data.

- Statistical analysis was used to detect which correlation gives a good match with core test.

Flowchart for building the model using Excel illustrated in Figure (4).

Go through all Convert non Import to Excel.
files and search > ASCII log files p—>> sort and merge
for usable data to ASCII files data of sections
Seque?ltially apply 1'eql_1ired QC of data
| equations and correlations
D%
Generate plots

4. Result and Discussion

4.1 Determination of Dynamic and Static Young’s Modulus

Young’s modulus is the stiffness degree of the rock [19, 20]. Hooke's law defines the rules for the
linear relationship that exists between stress (o) and strain (€)[21]. Some correlations that used to
predict UCS depend on Young’s Modulus, so the equations bellow are applied to predict the Young
Modulus value. Figures (5) to (7) illustrate the results of Static Young’s Modulus, which was
calculated by Eq. 2, which appears a good match with laboratory tests.

— 9Gdyanyn
P Gayn + 3Kayn

ey
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Estatic = 0.032 X Edyn1.632 (2)

Where:

Gy = 1347445 L2 3)
o (a2

K, =1347445- 2 %6 4
dyn = A5 a2 ~ 30w (4)

4.2 Determination of Internal Friction Angle
The angle of internal friction was estimated using Equation (5). This correlation maps Gamma Ray
(GR) to the internal friction Angle with a linear relation, which getting the acceptable agreement

to the laboratory results as shown in Figures (8) to (10).

@ =70—0.417 X GR (5)
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Fig. (5): Static Young Modulus for well S1. Fig. (6): Static Young Modulus for well S2.
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Fig. (7): Static Young Modulus for well S3.  Fig. (8): Internal Friction Angle for well S1.

61



Journal of Petroleum Research and Studies

Open Access JpR P- ISSN: 2220-5381
Vol. 14, No. 4, December 2024, pp. 52-74 = E- ISSN: 2710-1096
Friction Angle, psi Friction Angle, psi

18 ) 2% 30 3 18 18 22 26 30 34 33
500 _ , , . 1800
1558 1850
1900 1900 1
1950 - 1950 -
2000 2000
2050 2050
2100 2100
2150 2150
2200 - 2200 1
E s - € 250
& 2300 - & 2300
a o

2350 A

2400

2450

2500

2550

2600

2650

2700

2750

2800

=Friction Angle 4 CoreData

2330

2400

2450 1

2500

2550

2600

2630

2700

2750

2800

—Ffriction Angle 4 Core Data

Fig. (9): Internal Friction Angle for well S2. Fig. (10): Internal Friction Angle for well S3.

4.3 Determination of UCS
The un-confined compressive strength significantly affects wellbore stability because it is a

vigorous player to determine the failure criterion [22]. Therefore, compressive strength estimation

should be accurate because it is the final word on the eventual calculations [23]. To get better

results and avoid obstacles, several models have been investigated. Table (2) shows these
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correlations with the results of statistical analysis (RMSE), where the results showed a significant
difference between Young Modulus correlation and other correlations, the reason is due to the
dependence of the Young Modulus correlation on Es and it is non- limitation by shally formations.

After that the laboratory test data is compared with the results, as presented in Figures (11) to (14).

Table (2) Various published correlations to calculate the UCS.

Names of Root Mean
Equation for UCS Published Square Error Remarks
Correlations (RMSE, psi)
Edyn
UCS = 0.0866 o [0.008V, Coatiség);noo, 1767 545201
4 0.0045(1 — Vg3)]
UCS = 1200e(70-0364L) McNally, 1987 6021.376747 Australia
UCS = 1.4138 x 107At, 3 McNally, 1987 765.875069 Gulf Coast
UCS = 254(1 — 2.80)? Vernik et al., 1993 5847.594145

Bradford, et al.,

UCS = (2.28 + 4.1089E;) * 145.037 1998 229.3667259

UCS = (4.242 + E;) = 145.037 YME, 2002 53.23181247

UCS = (46.2e%9247Es) x 145.037 Moos, et al., 2003 4757.76922
Shale Gas,

UCS = 0.9616At,* — 136.5At, + 5002 Novel, et al., 2021 164965.9605 Lithology
neglecting
Shale Gas,

UCS = 0.2686At.* — 50At, + 2339 Novel, et al., 2021 14967.9491 Lithology
considering

Where: Cgypn = KL; UCS = psi ; E; = GPa ; At = us/ft; Eqyn = pSi;
dyn

Kayn = psi

63



Journal of Petroleum Research and Studies

Open Access

Vol. 14, No. 4, December 2024, pp. 52-74

P- ISSN: 2220-5381
E- ISSN: 2710-1096

Depth, m

UCS_YME, psi ch—tﬂflad Ford UCS_Plump SND, UCS_Coates UCS_Moss et al, UCS_MC Nally, UCS_Novel, psi UCSs_Vernik etal,
(=3 etal, psi i Denoo i i psi :
o o o o QO O O O
Lo B 8888 BEE3Es 2EBES EUCHS EEEES FE3fc E8EES BEgEs
g g g ) g )
2755
. R — K ;
2795 - * % .
2805
R4 > L * & *
2815
* <& - @ g
—
22> ucs ucs ucs ucs ucs ucs ucs
——UCS @ Core Data e CoreData e CoreData e CoreData ®..‘Core Data # CoreData # CoreData ¢ CoreData

Fig. (11): Unconfined compressive strength measured by several methods for well S1
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Fig. (12): UCS for well S1 Fig. (13): UCS for well S2. Fig. (14): UCS for well S3.

4.4 Determination of Cohesion
The ability of the rock parts to stay united with each other is called cohesive or cohesive strength.
Moreover, the shear strength of the rock is cohesion when no applied normal stress [24], cohesion

is predicted as:
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Ucs
C, = (6)

2[\/ 1+ (tang)? + tan(p]

The cohesion was calculated based on the unconfined compressive strength and the angle of
friction using Equation (6). Fig. 15 to 17 shows reasonable agreement between the obtained

cohesion by this correlation and the laboratory point data measured along the interval of interest.

4.5 Determination of Tensile Strength

The tensile strength of rocks is one of the important parameters in evaluating the rock strength and
estimating the horizontal stresses magnitudes. Rocks have relatively low tensile strength, hence
failure in rocks typically shows brittle failure (breaks quickly), no plastic strains after reaching
tensile strength [25]. Brazilian tests are implemented to get a tensile strength amount. For intervals
with no laboratory tests, the tensile strength is considered as 10-12% of the uniaxial compressive
strength [26].

T, =k x UCS (7)

Where:

T,: tensile strength, psi.

Equation (7) is used to estimate the tensile strength, which gave a good match with core data as
shown in Figures (18) to (20).

5. Statistical Analysis

Statistical analysis was utilized to evaluate the accuracy of the predicted rock mechanical features
based on the aforementioned empirical correlations (Table 3). In Figure 21, we see the RMSE (root
mean square error) between the estimated values and the experimental ones.
The RMSE were calculated using Eqg. 8.

2(xi—y)?

RMSE = |—— 8
- ®

Where:
The number n denotes the total number of core-measured values, xi is the actual value, and yi is

an estimate.
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Figure (21) explains that (YME, 2002) gives the least error percentage, and then (Bradford, 1998,
SND_RPC) comes, and then (McNally, 1987, Coates Denoo, 1963). While the error percentage

increases when the (Moos, 2003, Vernik, 1993) correlations were used.
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Fig. (15): Cohesion for well S1. Fig. (16): Cohesion for well S2.

67



Journal of Petroleum Research and Studies

Open Access JpR P- ISSN: 2220-5381
Vol. 14, No. 4, December 2024, pp. 52-74 = E- ISSN: 2710-1096

Cohesion, psi Tensile Strength, psi

0 1000 2000 3000 4000 5000 0 300 600 900 1200 1500 1800
1300 1 1 1 1 1 1800 . L ' ! | R

1850

1900

1950

2000 2000

2050

2100

2150

2200

200

2250

2300

Depth,
Depth,

2350

2400

2400

1450

2500

2600

250

2600

2650

no

2800

2750

2800 —TensileStrength ~ # Core Data

= (ohesion 4 Core Data

Fig. (17): Cohesion for well S3. Fig. (18): Tensile Strength for well S1.
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Fig. (19): Tensile Strength for well S2. Fig. (20): Tensile Strength for well S3.
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Fig. (21): Comparison between results of unconfined compressive strength by different
correlations.

6. Conclusions

In this work, we have investigated whether we can application correlations between petrophysical
and mechanical properties using wireline log data. The empirical relationships between UCS and
ES with Ed and VP that were reported by previous authors were compared to the authors' data,
below are the main results obtained from this work.

e The John Fuller equation (Eq. 2) used to estimate the Young’s Modulus showed a good
match with core tests, so it is recommended to use it in the fields of southern Irag.

e Estimate the UCS depend on the Es gives a closer prediction from the actual, contrary to
the use of Eq,At.,@, which give incorrect results.

e The Novel, 2021 correlation must be excluded in estimation the UCS because of very large
different between the predicted UCS and core data, because this correlation was formulated
for shale gas.

e It is recommended to calculate the UCS based on Young Modulus, 2002 correlation in

Southern Iraqi fields, the reason is because this correlation give a close value to laboratory
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data (RMSE=53.23psi) regardless of the diversity of the lithology of section studied from
Sadi to Zubair.
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NOMENCLATURE

At, = compressional slowness, us/ft.
At = shear slowness, us/ft.

C, = cohesion, psi.

T, = tensile strength, psi.

@ = porosity, fraction.

Eq = dynamic Young Modulus, psi.
Es = static Young Modulus, psi.

Gayn = shear modulus, psi.

GR = Gamma Ray.

INOC = Iragi National Oil Company.
Kayn = bulk modulus, psi.

RMSE = root mean square error.
UCS = unconfined compressive strength, psi.
k = constant.

p = bulk density, gm/cc.

¢ = internal friction angle, degree.

71



Journal of Petroleum Research and Studies

) ] - 2220-
Open Access JpRE-ﬂ P- ISSN: 2220-5381

Vol. 14, No. 4, December 2024, pp. 52-74

o E- ISSN: 2710-1096

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

C. Chang, M. D. Zoback, and A. Khaksar, "Empirical relations between rock strength and
physical properties in sedimentary rocks", Journal of Petroleum Science and Engineering,
vol. 51, no. 3-4, pp. 223-237, 2006. https://doi.org/10.1016/j.petrol.2006.01.003

A. Abdulraheem, M. Ahmed, A. Vantala, and T. Parvez, "Prediction of rock mechanical
parameters for hydrocarbon reservoirs using different artificial intelligence techniques”, in
SPE Saudi Arabia Section Technical Symposium, Saudi Arabia, May 2009, OnePetro.
https://doi.org/10.2118/126094-MS

N. A. Al-Shayea, "Effects of testing methods and conditions on the elastic properties of
limestone rock”, Engineering geology, vol. 74, no. 1-2, pp. 139-156, 2004.
https://doi.org/10.1016/j.engge0.2004.03.007

K. Edimann, J. Somerville, B. Smart, S. Hamilton, and B. Crawford, "Predicting rock
mechanical properties from wireline porosities”, in SPE/ISRM Rock Mechanics in
Petroleum Engineering, 1998: OnePetro. https://doi.org/10.2118/47344-MS

M. S. Ameen, B. G. Smart, J. M. Somerville, S. Hammilton, and N. A. Naji, "Predicting
rock mechanical properties of carbonates from wireline logs (A case study: Arab-D
reservoir, Ghawar field, Saudi Arabia)", Marine and Petroleum Geology, vol. 26, no. 4,
pp. 430-444, 2009. https://doi.org/10.1016/j.marpetgeo.2009.01.017

R. Ranjbar-Karami and M. Shiri, "A modified fuzzy inference system for estimation of the
static rock elastic properties: A case study from the Kangan and Dalan gas reservoirs, South
Pars gas field, the Persian Gulf", Journal of Natural Gas Science and Engineering, vol. 21,
pp. 962-976, 2014. https://doi.org/10.1016/j.jngse.2014.10.034

K. H. Hassan and H. A. A. Hussien, "Estimation of rock strength from sonic log for
Buzurgan oil field: A Comparison study,” Iragi Journal of Chemical and Petroleum
Engineering, vol. 20, no. 1, pp. 49-52, 2019. https://doi.org/10.31699/1JCPE.2019.1.7

A. A. Abed and S. M. Hamd-Allah, "Comparative Permeability Estimation Method and
Identification of Rock Types using Cluster Analysis from Well Logs and Core Analysis
Data in Tertiary Carbonate Reservoir-Khabaz Oil Field", Journal of Engineering, vol. 25,
no. 12, pp. 49-61, 2019. https://doi.org/10.31026/j.eng.2019.12.04

Q. A. A. Aziz and H. A. Hussein, "Mechanical rock properties estimation for carbonate

reservoir using laboratory measurement: A case study from Jeribe, Khasib and Mishrif

72



Journal of Petroleum Research and Studies

) ] - 2220-
Open Access JpRE-ﬂ P- ISSN: 2220-5381

Vol. 14, No. 4, December 2024, pp. 52-74

o E- ISSN: 2710-1096

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Formations in Fauqi Oil Field,” The Iraqi Geological Journal, vol. 54, no. 1E, pp. 88-102,
2021. https://doi.org/10.46717/igj.54.1E.8Ms-2021-05-29

Q. A. A. Aziz and H. A. A. Hussein, "Development a Statistical Relationship between
Compressional Wave Velocity and Petrophysical Properties from Logs Data for JERIBE
Formation ASMARI Reservoir in FAUQI Oil Field,” Iragi Journal of Chemical and
Petroleum Engineering, vol. 22, no. 3, pp. 1-9, 2021.
https://doi.org/10.31699/IJCPE.2021.3.1

E. Ryshkewitch, "Compression strength of porous sintered alumina and zirconia: 9th
communication to ceramography", Journal of the American Ceramic Society, vol. 36, no.
2, pp. 65-68, 1953. https://doi.org/10.1111/j.1151-2916.1953.tb12837.x

K. Hoshino, "Effect of porosity on the strength of the clastic sedimentary rocks", Proc. 3rd
Int. Cong. ISRM, Denver, USA, vol. 2, no. part A, pp. 511-516., 1974.

L. Vernik, M. Bruno, and C. Bovberg, "Empirical relations between compressive strength
and porosity of siliciclastic rocks", in International journal of rock mechanics and mining
sciences & geomechanics abstracts, 1993, vol. 30, no. 7: Elsevier, pp. 677-680.
https://doi.org/10.1016/0148-9062(93)90004-W

J. Sarda, N. Kessler, E. Wicquart, K. Hannaford, and J. Deflandre, "Use of porosity as a
strength indicator for sand production evaluation,” in SPE Annual Technical Conference
and Exhibition?, p. SPE-26454-MS, 1993. https://doi.org/10.2118/26454-MS

K. Edimann, J. Somerville, B. Smart, S. Hamilton, and B. Crawford, "Predicting rock
mechanical properties from wireline porosities”, in SPE/ISRM Rock Mechanics in
Petroleum Engineering, p. SPE-47344-MS, 1988. https://doi.org/10.2118/47344-MS

P. Horsrud, "Estimating mechanical properties of shale from empirical correlations", SPE
Drilling & Completion, vol. 16, no. 02, pp. 68-73, 2001. https://doi.org/10.2118/56017-PA
E. Onyia, "Relationships between formation strength, drilling strength, and electric log
properties”, in SPE Annual Technical Conference and Exhibition?, p. SPE-18166-MS,
1988. https://doi.org/10.2118/18166-MS

A. K. Neeamy and N. S. Selman, "Wellbore breakouts prediction from different rock
failure criteria”, Journal of Engineering, vol. 26, no. 3, pp. 55-64, 2020.
https://doi.org/10.31026/j.eng.2020.03.05

73



Journal of Petroleum Research and Studies

) ] - 2220-
Open Access JpR P- ISSN: 2220-5381

Vol. 14, No. 4, December 2024, pp. 52-74

o E- ISSN: 2710-1096

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

B. I. Ahmed and M. S. Al-Jawad, "Geomechanical modelling and two-way coupling
simulation for carbonate gas reservoir", Journal of Petroleum Exploration and Production
Technology, vol. 10, pp. 3619-3648, 2020. https://doi.org/10.1007/s13202-020-00965-7
E. Fjaer, R. M. Holt, P. Horsrud, and A. M. Raaen, Petroleum related rock mechanics,
Elsevier, vol. 491, 2008.

R. H. Allawi and M. S. Al-Jawad, "4D Finite element modeling of stress distribution in
depleted reservoir of south Iraq oilfield", Journal of Petroleum Exploration and Production
Technology, vol. 12, pp. 679-700, 2022. https://doi.org/10.1007/s13202-021-01329-5

R. H. Allawi and M. S. Al-Jawad, "Wellbore instability management using geomechanical
modeling and wellbore stability analysis for Zubair shale formation in Southern Iraq",
Journal of Petroleum Exploration and Production Technology, vol. 11, pp. 4047-4062,
2021. https://doi.org/10.1007/s13202-021-01279-y

H. Xu, W. Zhou, R. Xie, L. Da, C. Xiao, Y. Shan, and H. Zhang, "Characterization of rock
mechanical properties using lab tests and numerical interpretation model of well logs",
Mathematical Problems in Engineering, vol. 2016, no. 1, p. 5967159, 2016.
https://doi.org/10.1155/2016/5967159

B. S. Aadngy and R. Looyeh, "Rock strength and rock failure”, Petroleum rock mechanics:
drilling operations and well design (2nd ed.), Gulf Professional Publishing, 2019.

D. Espinoza, "Introduction to Energy Geomechanics”, ed: Introduction to Energy
Geomechanics. github. io, 2020.

T. Kosset, "Wellbore integrity analysis for wellpath optimization and drilling risks
reduction: the vaca muerta formation in neuquén basin", Colorado School of
Mines ProQuest Dissertations & Theses, 2014.

74



