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Introduction

Unconventional gas shale reservoirs, composed
of fine grained sedimentary rocks with embedded
natural fractures, present production challenges due
to their extremely low matrix permeability [1,2].
Hydraulic fracturing remains the key stimulation
technique, enabling productivity enhancement by
inducing tensile fractures vertical to the minimum in
situ stress [3.4]. Fracture geometry critically affects
reservoir performance; longer fractures are favored
in low permeability formations, while fracture width
dominates in highly permeable zones [5].

Accurate selection of fracturing intervals demands a
comprehensive geomechanical evaluation involving
petrophysical logs, core tests, and reservoir pressure
data [6]. Mechanical properties are classified into
elastic (e.g., Young’s modulus, Poisson’s ratio) and
failure parameters (e.g., UCS, tensile strength) [7.8].
Young’s modulus and Poisson’s ratio inform brittleness
behavior, while UCS supports wellbore stability
assessments [9,10]. Calibration between dynamic log
derived data and static core measurements ensures
reliable input for modeling [11].

This study presents an integrated, data-driven
framework to characterize shale geomechanics in
western Iran, enabling optimal hydraulic fracturing
design and cost-effective reservoir stimulation.

Materials and Methods
This study develops a comprehensive geomechanical
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characterization framework to optimize hydraulic
fracturing in shale gas reservoirs of western Iran.
Pore pressure estimation was performed using Eaton’s
empirical model [12], incorporating calibrated sonic
log data and a region-specific normal compaction
trend equation [13]. The Eaton exponent was derived
via regression on MDT-tested intervals, enabling
continuous pore pressure profiling across wells.
Elastic and dynamic rock parameters were obtained
through core based triaxial and wuniaxial tests,
complemented by dynamic estimations from log
derived acoustic velocities and density [14,15]. Given
discrepancies between static and dynamic properties,
empirical conversion correlations were established for
reliable input into geomechanical modeling [16].

To assess in situ horizontal stresses, a hybrid
methodology combining poroelastic models [17] and
stress polygon constraints was adopted. Calibration
was guided by both tensile and shear failures
observed in borehole image logs, as well as tectonic
regime considerations [18]. Minimum and maximum
horizontal stresses were computed via poroelastic
strain based equations, with boundary conditions
enforced by fracture gradient and UCS-derived failure
criteria. This integrated approach offers a calibrated
and field validated stress profile, significantly
enhancing reservoir stimulation design and selection
of fracturing intervals.

Fracturing suitability in unconventional gas shale
reservoirs of western Iran was evaluated through a
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multidisciplinary approach incorporating geological,
petrophysical, and geomechanical factors. Brittleness
calculated from elastic properties served as a key
criterion for identifying optimal stimulation zones and
predicting fracture containment efficiency [19-21].
Natural fracture networks were found to significantly
enhance stimulation complexity and reservoir contact
volume [22]. Pore pressure conditions influenced
fluid design, with low-pressure formations favoring
nitrogen or carbon dioxide-based foams over water-
based systems [22, 23]. Horizontal stress contrasts
were shown to govern vertical fracture propagation
and containment, minimizing fluid invasion into
undesired layers. Overall, brittleness remains a
decisive parameter in fracture modeling, with higher
brittleness zones offering greater stimulation efficiency
and production potential [24].
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Results and Discussion

Pore Pressure Evaluation

Continuous pore pressure profiles were derived using
the Eaton empirical model, calibrated through sonic
logs and pressure test data. A regression-based analysis
yielded an Eaton exponent of 1.241, which enabled
accurate modeling across drilled wells. Hydrostatic
pressure calculations incorporated a regional reference
depth of 580 m, with data from 71 formation pressure
tests in 17 wells validating the approach.

Fig. 1 demonstrates the alignment of hydrostatic
gradients with field-measured pore pressures,
while comparative modeling using calibrated Eaton
parameters shows strong agreement between estimated
and measured values. Additionally, Fig. 2 illustrates
the sonic log trend, normal compaction profile,
hydrostatic pressure curve, and Eaton-estimated pore
pressure against MDT test results in a representative
well, confirming model reliability.
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Fig. 1 (Right) Estimated pore pressure variations based on formation pressure test data (MDT); (Left) measured pore pressure
data versus vertical depth from the regional groundwater level across multiple wells in the study area.
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Fig. 2 Pore pressure profile and formation pressure test data in a selected well, based on rock geomechanical analyses.
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Analysis of Calculated Elastic Parameters of Rock:
Young’s Modulus and Poisson’s Ratio

To characterize the elastic properties of gas shale
formations, empirical correlations were developed to
estimate static Young’s modulus and Poisson’s ratio
based on their dynamic counterparts. These models
were established using data from uniaxial loading tests
conducted on core samples extracted from multiple
wells, supplemented by dynamic parameters obtained
from petrophysical log analyses. The relationships
were validated through regression analysis, resulting
in the Equation 1 and Equation 2.
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E, =1.0654E,-22.5 (1)
v, =3.6724v, —0.9246 )

where E, and E_ are dynamic and static Young’s
modulus (GPa), and v, and v_are dynamic and static
Poisson’s ratio, respectively.

Fig. 3 illustrates the correlations between static and
dynamic Young’s modulus (left) and Poisson’s ratio
(right), confirming the robustness of the proposed
models for geomechanical profiling in the studied area.
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Fig. 3 (Right) Estimated pore pressure variations based on formation pressure test data (MDT); (Left) measured pore pressure
data versus vertical depth from the regional groundwater level across multiple wells in the study area.

Calculation of Rock Failure Parameter: Uniaxial
Compressive Strength

To estimate the uniaxial compressive strength (UCS) of
shale formations in the study area, a regression-based
empirical model was developed using compressional
wave velocity (Vp), calibrated through laboratory data
from 11 core plug samples and associated petrophysical
logs. The resulting equation is defined as Equation 3.
ucs =1.16e—10><Vp3'2535 3)
where UCS is in MPa and v, inm/s.

Analysis of Horizontal Stress Orientations
Analysis of borehole image logs from five wells
revealed numerous drilling-induced tensile and shear
fractures. Moreover, the predominant orientations are
NE-SW for tensile and NW-SE for shear fractures,
indicating the maximum horizontal stress (Shmax) lies
NE-SW and the minimum horizontal stress (Shmin)
lie NW-SE. In addition, Rose diagrams support these
inferred stress directions.

Results of Horizontal Stress Estimation Using an
Integrated Approach

A poroelastic geomechanical model was calibrated to
estimate realistic in-situ horizontal stresses. The results
show consistency with faulting criteria, pore pressure,

mud weight, and borehole failure observations indicating
the relative validity of the model. Fig. 4 illustrates the
one-dimensional geomechanical profile for one of the
studied wells, highlighting the alignment of failure
conditions with rock properties and stratigraphy. To
reduce uncertainty, incorporating independent laboratory
data such as leak-off tests and drilling pressure analysis is
recommended.

Analysis of Results based on Criteria for Selecting
Optimal Depth Intervals in Hydraulic Fracturing
Evaluation of brittleness index distribution is essential
for selecting hydraulic fracturing intervals in low-
permeability formations. Fig. 5 illustrates high-
brittleness zones (in green) expanding laterally between
wells, indicating favorable targets for stimulation.
Natural and induced fracture analysis in the shale
layers reveals critical insights into hydraulic fracturing
design. Fig. 6 illustrates that natural fractures often
dip at angles greater than 60° with a predominant
NE-SW orientation (N35°E), while drilling-induced
tensile fractures align with the maximum horizontal
stress direction (N25°E), closely approximating
the hydraulic fracture growth path. Moreover, this
geometrical alignment facilitates fracture activation
and fluid migration, particularly under moderate
horizontal stress anisotropy.
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Fig. 4 One-dimensional geomechanical earth model for a specific well.
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Fig. 5 Lateral extension of zones with high brittleness index (shown in green) between the wells in the studied area.
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Fig. 6 Dip and orientation of natural fractures (top image) and drilling-induced fractures (bottom image) within the layers of
a specific well.
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Given the observed strike-slip stress regime, horizontal
well placement in a NW-SE orientation, orthogonal
to fracture trends, is recommended to maximize
reservoir exposure. Optimal stimulation zones should
be selected through integrated evaluation of rock
mechanical properties, in-situ stress distribution, and
pressure profiling along the wellbore.

Conclusions

This study presents the development of well-specific
one-dimensional geomechanical models to optimize
hydraulic fracturing strategies in a low-permeability
shale gas reservoir. By integrating petrophysical
logs, field tests, and laboratory experiments, the
models evaluate key geomechanical parameters such
as brittleness index, in-situ stress orientation, pore
pressure, and clay mineral composition.

Findings reveal that zones with high brittleness and
low minimum horizontal stress serve as optimal
targets for fracture stimulation. Furthermore, natural
fractures show dominant NE-SW orientation with
steep dips (>60°), while induced fractures align with
the maximum horizontal stress direction (N25°E),
implying favorable conditions for fracture propagation.
The proposed well trajectories horizontal wells drilled
orthogonally (NW-SE) to the fracture trend enhance
reservoir exposure and gas recovery.

The models also support broader applications including
wellbore stability analysis, coupled hydro-mechanical
simulation, caprock integrity assessment, and surface
subsidence prediction. The spatial distribution of
natural fractures, swelling-sensitive clay content,
and pore pressure gradients collectively inform
the selection of stimulation intervals. Ultimately,
simultaneous evaluation of brittleness index and
minimum horizontal stress allows for precise
identification of productive fracture zones and helps
mitigate fracture containment risks.
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Table 1. Required Data for Building a Geomechanical Earth Model
DT ey Sty Jae o Lo sl p3Y (sloosls Y Jgur

Discipline Required Data Application
Petrophysics Sonic log Calculation of elastic properties, rock failure
properties, and pore pressure
Density log Calculation of overburden stress, rock elastic

properties, and rock failure properties

Neutron porosity log

Calculation of rock failure properties and shear
wave velocity

Gamma ray log

Calculation of shale volume and shear wave
velocity

Caliper and image logs

Determination of in-situ stress orientation,
magnitude of in-situ stresses, and failure mech-
anisms

Electrical logs

Estimation of pore pressure

Reservoir Engineering

Reservoir tests — DST and MDT tests

Evaluation of formation pore pressure

Well completion reports

Pore pressure

Geology Tectonic and structural geology reports | Evaluation of in-situ stress orientation and stress
and maps regime
Stratigraphic geology reports Mechanical stratigraphy and rock strength
properties
Geological and topographic maps Evaluation of selected locations for sampling
Drilling Engineering Daily drilling reports (mud weight, lost Evaluation of rock failure properties, failure
circulation, bit performance) mechanisms, pore pressure, and magnitude of
in-situ stresses
Drill cuttings Calculation of rock density and mechanical
stratigraphy
Leak-off test (LOT), formation integrity | Calculation of minimum horizontal in-situ stress
test (FIT), extended leak-off test (XLOT),
mini-frac tests
Geophysics Seismic and 3D seismic data Evaluation of pore pressure magnitude and
stress orientation
Geochemistry TOC and Tmax values Selection of appropriate depth intervals for rock
mechanics laboratory tests and evaluation of
geomechanical parameter effects on mechanical
properties
Rock Mechanics Brazilian test Calculation of tensile strength
Laboratory

Uniaxial compression test

Calculation of elastic properties and uniaxial
compressive strength (UCS)

Triaxial compression test

Calculation of elastic properties, compressive
strength, internal friction angle, and stress sensi-
tivity of elastic properties

Sonic velocity tests on rock samples

Relationship between shear and compressional
wave velocities and derivation of correlations
for calculating rock failure properties
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1. Pore Pressure Estimation
2. Modular Formation Dynamic Tester
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1. Hydraulic Fracturing
2. Leak of Test
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Figure 1. An example of constaining the magnitude of horizontal in-situ stresses using stress polygon method at a specific well
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Figure 2. Reservoir rock hardness index log (red line) calculated using the Young’s modulus method in a specific well

S8, g a9y Jdows lg, ol sloas (59 s
cmmlie slay 35 asley o coymly slolid o glate
2 ot sl G sl slars [T sl
5 iy S 3 5y S
Do oo ol iie ool i slagss, 4o LJLc
23,5 5l cnS L2 Al Ay o sl e
SloauS poss i85 Loy Lo il (iren
5l (Sdgane B s b, (g5lwogase o

8l oo i yle cwlio M3l 4 S )90
Sl Sl8sd slaa 4 coad Gas aY o

dg2i yolome glads¥ a9 o0l 15 pele o 4y

O 00 SG 28 e il Bl sl (S o
Sl SalS gl 50 s 3l il oL
Sy ) 5l A (5, K el [YY] e
Jzd il s e 555 sloaded 55 (Sdg o
e L8 Ly gloool> o o il oo gdaie
5 98lie 5 yb 5l oS Jlw i Jlaial VL
ol e i3l Bace 4l ) o) 4 e KoK
(blae ;o aes oS 1) Gldes oidu 3l ol go oS

p3Y oSomly e jlis ool L alsels o
s a cmnSh Jlow sl Sy 9 oS 5 S
St i |y ;5 Sl w45 0 b e
ooliiwl o dasl i i 50 [VY] oS sloml aulgss
L oS aeeSTiss ped aile (S0l oYL



FooB8 amio NFF g5 9,31 IFF oyleis ~U_,M}
<

7= Ol s Jogad .anl 0008 s aihaie
ol VY 5l g ladoolo VYl Lz sla yiole;]
)Lm.‘i J_:lS3).> l_’ o‘)_.ojb dalas S)9—0 a_alais o
Fs—s 0 ; Sl
oddlie S o b ylen .l sad ooy ol B

N lg e
A S o o i ol Cwow Ll e b oo
3l @ogme (2bly Bos e Sililjgom LS
o)_f.:.llf JJ._A o)_g«,.c — )9_]4.~ocb CUr—
U_M 6A_M )l_w.‘i u‘)_».».su )b?—‘” ‘09_""‘ 03—
3lead g Seslul solae Lo awglie ;o ouis 0o
oo ools il A Y ISs jo g lid sla iolss]
39 emwlo &8s ebl ool 0, IS Jos 51 ol

Syl gdaie Lid eSS
Prya =0.0102xTVD "
(58 Sy ma s pley Sl Jle o,
03 e iy Sililgjom [L28 Jol8g
Siolesl slaools § el Jore L (gdiie,Liid oo
oud ools lis et i ol SO o suslw [Lis

|

S

s Canl Sldes Bl 3l gobg0 oyl 0S ol
shile cul (S Gloow g SLBgd sloas¥ 15
oSy oo Loyl an BISCs 3485 g auib YU of gl

LVE] sgis ol 5l O saiwlgs b adgs 4 o

dd 55 )3 it ;LS Ao W (ow)

a5 )90 535
Hid a b gl il 00l msgi 4 S j5 b len
=5 Joa 3l i las oy5s adlais ;o g aie
o Sl @Y ol jo il ool solaiul e
ds_w wl?m 03— 4_;")1 U'Jﬂ) d_:Ua.a 09—"" ‘5’)_>u
> 108 (6,-p)(0, Py, ) Sl s log—os oy Lo
da s ha e o VIS 5ollae log (At /AL)
50 Sbiwlgyane s Lool> o ddie L3
c]a_w cd_zJllas L)_" 9 éj_w du—»)L?bo Lﬁ)ol?: GALN

slool> o gl slood s 0 cu_donslie

-0.05

-0.1

-0.15

-0.2

Log ((Sv-P)/(Sv-Pn))

-0.3

0.25

Y= 1.24146x_0.01818
R"2 = 0.62611

0.2 -0.15 -01

- 0.05 0 0.05 0.1

Log (DTn/DT)

saisley Ggo youe loj g Fge i lee (oot B alasly sl ool b (gl Joe (0,58 o pd et Jloges ¥ IS
Figure 3. Determination of the empirical coefficient of Eaton’s model using the logarithmic relationship between effective
stress and normalized sonic transit time.
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Figure 4. (Right) Estimated pore pressure profile versus formation tester (MDT) data.
(Left) Variation of recorded pore pressure data from pressure tests versus vertical depth from the free groundwater level in
different wells of the study area.

FIALCLSUME_TEST
- ke *

W ARMTHTTHED
L

Y
—

?-E.FI:.“"T'W" LiLS )= R ol
1 : A |: I':_I'n'l :;l::;'\:'!‘.w = — = VOL_WC ':—:—':
i f I
H
[
! ﬁ
2w 1:| HI
k1300 5 X I|
o '|
b 1400 = . \
RARAAN
- 4500 |I|I

b 1500 o 2 \

et L ] i) '\

e ™
e

= 1800 -
L1

ot ol S )0 (S5 jme b bli) Jlid jiolesl slassls 5 (S5, ol hs) gdaie Lad ol s jlog s & SR

s Bl 4 e

Figure 5. Pressure variation log (blue line) and pressure test data (red dots) versus depth in a specific well



FooB8 amio NFF g5 9,31 IFF oyleis ‘.LJU“’;
k4

Sl A s o B P S 5 llas
w5 slaosls L Jae ol clin (Sinon
i gl B olosl po 1y of Jlsel 5 005
S50 b 0 Kb Jou Soliwl § Swlos
Gl Jdss adlsl o oS o ol asllas
S Gl LS| (o) jsLateas conSplxl
& ygolive (¢ liT (Soliys g Sl yguslsy

=l 5 Sbul el s Sl nis 8
oo osle Lioles AP ISs o o] Sl Hlade
Joe (i ewlio ag0 slmosly wlowly .ol
Vooalal, Opg o el 90 ol Bl (2oL,

139D s Sloidnn
v, =3.6724v, —0.9246 ()
Sgy Ve akaly o ol el cm pS 2 L
o lii Fa—ogdy A 7 IS0 o Laools IS
Es—290 ol Sl piite Gl (ol (e
Cilgy ool wl 050 Jo a5 cul ol L Sly
W oll swyoa |y Laosls eg—os L3
5 Silegiy slmosls el Fo STy, w> 0
S ez ge o2 bly sladigel slos Cogae

as o [

‘_5_99 dl_._‘aa‘ 4.)5_..':3‘5‘5 ool _io aS )5—I°QL’°'®
)L_mﬁ J_Abgj: 9 )L_mﬁ ﬁu)] LgL_mooLs uL_.o.A

10 8> 0ul 00 et (g Rio
1w SV 5L ol y b dmiloo gt U5 oy ymt

O9=lgy Comund 9 SSU Jou—o

slaSis SV gla iy (o) = Ho—tatess
sl hly,y addlas 5y 0 4l o 55
S Gl o 3 Sl Jyia 4l
50 0 00ls anwgi Loyl Sewlos molie Luluwly
&Sk slagiabel jl Jol s il !
o0 gl Fal I asged Vo (59, 5SS
8,8 B eolat wl 5,5 0 calise slnels>
Sl SV sl el )b 4 bas s slaosls
Seolos ,olie g (B iule;l ;o sais S o;lush)
Loy 5 BT 5l saszl sl La el b ol
ool iloa & a SIIY Joo > jo (S judg 2
S8 Lo W adal, OV Joo s )0 sabddl)l glaosls
Jos—e Slmss by e 1= J5—5 L1
oolaiwl J ol o L slmel> o Sl SSL

IR

Lelodd ol cmpd B S .0654E,-22.5 @)

Table 2. Results of uniaxial and triaxial loading tests on core samples and the corresponding dynamic elastic parameters
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Sample No. Loading Type Confining Pressure (MPa) vd Ed (GPa) Vs Es (GPa)
1 Uniaxial - 0.31 60.43 0.27 63.61
2 Uniaxial - 0.31 75.17 0.34 62.76

Triaxial 11 0.60 5.11
3 Uniaxial - 0.31 61.13 0.27 42.37
4 Uniaxial - 0.28 38.25 0.11 9.94

Triaxial 12.25 0.12 5.11
5 Uniaxial - 0.30 32.41 0.14 4.9
6 Uniaxial - 0.30 39.33 0.22 28.48
7 Uniaxial - 0.30 4541 0.14 20.17
8 Uniaxial - 0.30 34.84 0.13 10.79
9 Uniaxial - 0.29 23.03 0.16 8.1

Triaxial 11 0.7 3.11
10 Uniaxial - 0.30 30.61 0.28 33.83
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Figure 6. (Right) Investigation of the relationship between static and dynamic Poisson’s ratio of the rock in the wells of the
study area, (Left) Investigation of the relationship between static and dynamic Young’s modulus of the rock in the wells of the
study area.

I LGS Coa Jdod
ashie ol mty 5mgal (LS ow) o
s 9 S LS (g3l Sl caalllas 555
Wlodel 84 >ga0 (g b Sldas > 0 4 S
o S S g8y e liul) oy F oanl i
ez m b Jleb i g S
b el (Fb sz - e Jlet g 8
8l S T Sl b (S S
i bz

o=z = S =b Jlomd gl o a,
Jloms glosly jo aaS slapy (B3I 5l g (mpf
VES g A Sl bl (Bb opir —
= 9 SBiS Sl SinSh 5l oled e
Iy cadaslllas slmol> 5| (S ;0 eca_dosalic
i oo mled b ye pl, 5L ) Lol e

o (B8l gl (5 051l el S > ey
=5 5 259,

Gaa Ly S wVlg 90 Joe gl oIS 018
i3l sl i 5l asbl S adly e a gboews
Gl 5 (Sile St slpjlne ulsl e slz
s 5 ol yow Slaalie L

4)

)l oo 1S Gy ol )y Ao

S0 S

Gletd Cnglie dwbre jolaledy izren
S5 Ty Sy il (UCS) (5 )9S
08l sl (e (gl sy oy (gladal, 51 (VD) o, Lid
@oleimiion Jos 5l s S0 Lo adaly (al s
Jol> ol iolejl moli g [Vl oK e § S5
6 i sLmols 5l oozl Sl O agai V)
Gl 0l ools de g d2Jlae 0,5 o (gadlais
Ll 5 a5 ye Sepebs i slmosls woluloe
(ol gadaly ol Gl s cBo L5 ans S
9V, 0l 50 aS ap e i V) adal, &g o,
il oo MPa g m/s o>y Iyl 5 54, UCS
UCS =1.16e —10xV }#% O\Y)
2 eSS (5 l=i8 Caglie Dl ss s 5
S Sl s L ol yadd e dis ol Gos Sloil
ol 0 a8V IS 40 oSk Jsde 5 (ymley
Sl ol Sy sy, ik L foges o
S oSl Ly )l e aSlg e g diws S
S Uiyl agen G L o S



- ot s &
P08 axiio NFF 68 9 13T AFF o)leis 2 9 D furg 3y lilo
Ao S°9° o) VM4 Ty

SHM_D ]
(1 [ 12
DERTH BM O
==tk NTERY AL] 7 wra (1]
h :EI])[J ¥P T _D FR D Ucs
1000 WS B00G| ) [ET X3 [X]
TR

L 4004 T

i [ |
J a
SARVAK
182
F 1600 -
- imE —.‘r
L 1800 -
L 2000 -

W AR

Sliwl (b Jgde Jolis S Sl ples sla el b ol oy (UCS) (55950 G (5,Lid Cunglito s 3y V¥ S50
et ol Sy ((pbdw Hloged 10 ) S baz) Kb Jgo 5 (S5 08 o) S sox> Jgde ‘(631 L)

Figure 7. Profile of variations in uniaxial compressive strength (UCS) along with rock elastic property parameters, includ-
ing static shear modulus (blue line), bulk modulus (red line), and Young’s modulus (black line in the triple-track plot), for
a specific wel

Figure 8. An example of tensile fractures observed on the wellbore wall, along with the orientation distribution plot of these
fractures.
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Figure 9. An example of shear fractures observed on the wellbore wall, along with the orientation distribution plot of these
fractures.
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Figure 10. Depth profile of fracture-related parameters including operational horizontal stress data (red dots), maximum hor-
izontal stress (black), minimum horizontal stress (red), vertical stress (purple), mechanical failure envelopes (turquoise, blue,
and gree
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Figure 11. A one-dimensional geomechanical earth model including depth profiles of compressive strength, elastic rock prop-
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Figure 12. Lateral extension of favorable zones with high brittleness index (green) between the wells in the study area.
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Figure 13. Dip and strike of natural fractures (top image) and drilling-induced fractures (bottom image) in the formations of
the studied well
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